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ABSTRACT 

This success of Li-ion batteries (LIBs) is mainly built on inorganic electrode materials (IEMs). 

However, due to the inherent drawbacks of IEMs, such as short lifetime, potential fire  risk, 

heavy dependence on unsustainable natural sources and energy in the course of mining (such 

as Li, Co and Ni), and high carbon footprint production processes, we must explore the use of 

other materials. Organic materials (OMs) can be fabricated from abundant and renewable 

natural sources and achieve sustainable energy storage. These materials can be used as organic 

electrode materials (OEMs) and organic additives (OAs) in modern metal ion batteries (MIBs). 

OMs can deliver remarkable battery performance for MIBs due to their unique molecular 

versatility, high flexibility, versatile structures, sustainable organic resources, and low 

environmental cost.  

Before OEMs can be widely used in MIBs, their inherent issues such as low intrinsic electronic 

conductivity, significant solubility in electrolytes, large volume change, and low tap density 

must be addressed. In this thesis, the potential roles, energy storage mechanisms, existing 

challenges, and possible solutions to these challenges are systematically summarized using 

molecular and morphological engineering. Molecular and morphological engineering could 

offer practical pathways for developing advanced OEMs in next-generation rechargeable 

MIBs. Molecular engineering, such as grafting electron-withdrawing or electron-donating 

functional groups, increasing various redox-active sites, extending conductive networks, and 

increasing the degree of polymerization, could enhance the electrochemical performance 

including specific capacity (such as voltage output and charge transfer number), rate capability, 

and cycling stability. Morphological engineering facilitates the preparation of different 

dimensional OEMs (including 0D, 1D, 2D, and 3D OEMs) via bottom-up and top-down 

methods to enhance electrons/ions diffusion kinetics at the OEMs and stabilize the electrode 
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structure. Recent progress of metal-organic polymers (MOPs), a category of OEM is also 

systematically and independently reviewed.  

Cyanuric acid (CA) and trithiocyanuric acid (TTCA), two typical OEMs of imide and 

thioimide, with small molecular size, are used as cathode materials in LIBs. I theoretically 

and experimentally demonstrated that H-transfer mechanism is responsible for the high 

capacities of 464.6 and 820.6 mAh g-1 for CA and TTCA cathodes, respectively. This 

work inspires us to explore more organic reaction mechanism for energy storage 

application in MIBs. 

To demonstrate the effectiveness of relatively large organic molecules for LIBs applications, a 

Cu (II) salt and benzenehexathiolate (BHT) were used as the precursors for the synthesis of 

robust and redox-active 2D MOFs (or called MOPs) materials, i.e., [Cu3(C6S6)]n, namely Cu-

BHT. The Cu-BHT MOFs have a highly conjugated structure, affording a high electronic 

conductivity of 231 S cm-1 that could further be increased upon lithiation in lithium-ion battery 

(LIB) applications. A reversible 4-electrons reaction reveals the Li storage mechanism of the 

Cu-BHT for a theoretical capacity of 236 mAh g-1. The as-prepared Cu-BHT cathode delivers 

an excellent reversible capacity of 175 mAh g-1 with ultra-low capacity deterioration (0.048% 

per cycle) upon 500 cycles at a high current density of 300 mA g-1.  

Poly(TEMPO-acrylamide) (PTAm) is synthesized as an OEM for potassium dual-ions batteries 

(KDIBs). Long chain PTAm is subject to a carbon nanotubes (CNTs) assisted morphological 

engineering process to produce a nanostructured composite, namely PTAm@CNTs. The as-

prepared PTAm@CNTs nanocomposite possesses significant surface area and pores, excellent 

electronic conductivity and exceptional ionic transfer at the redox active sites (i.e., thenitroxyl 

radicals N-O.). These design facilitate the as-prepared PTAm@CNTs cathode to efficiently and 

reversibly adsorb/desorb PF6
- ions in KDIBs, delivering high energy density, rate capability 
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and robust cycling stability. As a result, the PTAm@CNTs present an excellent specific 

capacity of 108 mAh g-1 at 2 A g-1 (equal to 16.8C, 1C=119 mAh g-1), an outstanding capacity 

around 49 mAh g-1 at the high rate of 33.6 C, and a long cycling life-span up to 400 time. 

Functional organic compounds could be an effective additive to address the critical problems 

of electrochemical energy storage devices, such as MIBs. In this thesis, I designed and used 

cyclohexanedodecol (CHD) in ZnSO4 aqueous electrolyte solution in an aqueous zinc ion 

batteries (AZIBs). CHD could serves two functions. Firstly, in the aqueous electrolyte, CHD 

reacts with the hydrated Zn(H2O)6
2+

 structure and forms new complex hydrated ions, mainly 

[Zn(H2O)5(CHD)]2+
, to facilitate rapid desolvation in the course of electrochemical Zn plating. 

Secondly, at the surface of the Zn anode, CHD could be readily adsorbed onto the Zn anode 

and build protection and a supporting layer, which not only facilitates the even and efficient 

adsorption of [Zn(H2O)5(CHD)]2+
 and the electrochemical plating process, but also prevents 

the occurrence of the HER reaction and formation of the passivation layer. Due to the efficient 

functions of the proposed CHD electrolyte additive, long cycling life and high coulombic 

efficiency are achieved.   
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CHAPTER 1 

INTRODUCTION 
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1.1. SIGNIFICANCE OF THE PROJECT 

Over the past decades, Li-ion batteries (LIBs) have turned into one of the most influential 

technological advances in human history due to their extensive application and in-depth impact 

on daily life, including all modern and future smart electric devices such as portable electronics, 

electric vehicles and electric grids.1 This success is mainly built on a wide spectrum of 

inorganic electrode materials (IEMs) in LIBs, such as lithium cobalt oxides, lithium titanates, 

lithium iron phosphate and graphite.2, 3 However, there are several inherent drawbacks of IEMs, 

such as short lifetime and potential fire risk, heavy dependence on unsustainable natural 

sources, huge electric energy consumption in the course of mining (such as Li, Co, Cu, Zn and 

Ni), and high carbon footprint production processes.4  

An ideal energy device not only serves the function of energy storage, but also addresses the 

environmental and ecologic concerns in its production, application and recycling. Organic 

materials (OMs), as organic electrode materials (OEMs)5 and organic additives (OAs)6, could 

be a complementary alternative for energy storage devices, such as modern metal ion batteries 

(MIBs), including LIBs, sodium ion batteries (SIBs), potassium ion batteries (KIBs) and Zn 

ion batteries (ZIBs) as they can be fabricated from abundant and renewable products from the 

natural world and achieve sustainable energy storage.  

OEMs could be one of the most promising electrode materials for next-generation batteries due 

to their inherent advantages of higher specific capacity, lower cost, smaller environmental 

footprints, better safety, designability at molecular levels and scalable production.7-10 However, 

OEMs commonly suffer from fragile stability in organic solvents, poor electrochemical 

stability in charge/discharge processes, and insufficient electrical conductivity.11 In this thesis, 

these challenges are addressed by molecular engineering (i.e., the selection and design of 
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organic compounds, CA and TTCA in Chapters 3 and Cu-BHT in Chapter 4), and morphology 

engineering (i.e., the production of PTAm@CNTs composite in Chapter 5). 

OAs can also be used to modify the interface of the sensitive metal anode, e.g., Zn anode, to 

address the persistent challenges of AZIBs in the course of large scale commercialization, 

including Zn dendrites that cause short circuits and battery failure, corrosion and passivation 

that reduces the charge/discharge efficiency and shortens battery lifetime.  

1.2. RESEARCH OBJECTIVES 

The ultimate goal of this PhD project is to develop a series of organic compounds as OEMs 

and OAs for green, economically viable, environmentally benign, and electrochemically 

efficient energy storage devices. In particular, the objectives are: 

 To theoretically and experimentally explore small organic molecules, including Cyanuric 

acid (CA) and trithiocyanuric acid (TTCA), and novel energy storage mechanisms (H-

transfer theory), using density functional theory (DFT) and a full spectrum of 

characterization techniques, including ex-situ Raman and XPS studies, NMR and 

electrochemical techniques in LIBs.  

 To synthesize a large organic molecule, a redox-active 2D MOFs material, i.e., 

[Cu3(C6S6)]n, namely Cu-BHT MOFs using a Cu (II) salt and benzenehexathiolate (BHT) 

as the precursors, for LIB application, and investigate the energy storage mechanism, to 

address the dissolution issues and enhance the effectiveness in electrochemical 

performance.  

 To use molecular engineering to synthesize long chain PTAm polymer cathode materials 

and utilize morphology engineering to create nanostructured PTAm@CNTs composites to 

further address the dissolution issues and enhance rate capability for KDIBs. 
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 To build a protection buffering layer on the top of the sensitive Zn anode via interfacial 

engineering with organic electrolyte additives (i.e., cyclohexanedodecol, CHD) in an 

aqueous Zn ion battery (AZIB), and explore the mechanism and efficiency of this 

functional layer in stopping parasite reactions, including Zn dendrite growth, hydrogen 

evaluation reactions, corrosion and passivation reactions.  

1.3. THESIS OUTLINE 

The initial aims of this project are to explore functional organic materials as electrode materials 

and electrolytes additives to resolve the critical issues that next-generation rechargeable MIBs 

are facing, i.e., capacity fading, low utilization of active materials, electrode degradation and 

safety issues. The main objectives are to evaluate the electrochemical performance of the as-

prepared organic electrode materials and organic additives in the batteries. The thesis structure 

as shown in Fig. 1, are given as follows: 

 

Fig. 1 The outline and structure of this thesis. 
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1) Chapter 1 highlights the significance of the project, summarizes the research objectives 

and contributions, and outlines the framework of the thesis in relation to organic 

electrode materials and organic additives for energy storage application. 

2) Chapter 2 provides a full literature review on functional organic materials in the 

application of energy storage devices. This chapter includes two review papers. The 

first paper systematically reviews the energy storage mechanism and the classification 

of organic electrode materials, the tuning of electrochemical performance for energy 

storage via molecular engineering and morphology engineering of the organic electrode 

materials.  The second paper reviews the rational strategies for the synthesis and 

modification of organic metal polymers (MOPs), a group of organic electrode materials 

for high-performance metal-ion batteries. 

3) Chapter 3 theoretically and experimentally explores the roles of the H-transfer theory 

in cyanuric acid (CA) and trithiocyanuric acid (TTCA), two small organic molecules, 

in the course of LIB charge/discharge processes. 

4) Chapter 4 synthesizes a large organic molecule, 2D MOFs materials, i.e., [Cu3(C6S6)]n, 

namely Cu-BHT MOFs, examines the energy storage mechanism, and evaluates the 

electrochemical performance and lifetime of the resultant LIB.  

5) Chapter 5 uses molecular engineering to synthesize long chain PTAm radical polymer 

cathode materials and utilizes morphological engineering to prepare nanostructured 

PTAm@CNTs composite for robust and high rate potassium dual-ion batteries 

(KDIBs). 

6) Chapter 6 explores the mechanism and efficiency of dual-functional organic additive 

(OAs), cyclohexanedodecol (CHD), in an aqueous Zn ion batteries (AZIBs). This OAs 

facilitate the formation of new complex hydrated ions, mainly [Zn(H2O)5(CHD)]2+
, and 

the built protection layer on the Zn anode, for the suppression of parasite reactions, 
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including Zn dendrite growth, hydrogen evolution reactions, corrosion and passivation 

reactions, and more importantly, boosting rate capability and extending cycling life. 

7) Chapter 7 summarizes the general findings of functional organic materials as electrode 

materials for energy storage and organic additives for electrode | electrolyte interface 

engineering, and puts forward some prospects for future work.  
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2.1. INTRODUCTORY REMARKS 

This chapter includes two review articles, one of which was submitted to Chem. Soc. Rev.  and 

another that was published in J. Mater. Chem. A 2019, 7, 4259-4290. 

In review article 1, I present a comprehensive and insightful overview of the state-of-the-art 

advances in organic electrode materials for energy storage applications. 

In review article 2, I systematically review the strategies in the synthesis and modification of 

metal-organic polymers (MOPs), a promising group of organic electrode materials, for high-

performance metal ion batteries.   
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Molecular and morphological engineering of organic electrode 
materials for electrochemical energy storage 

Zhenzhen Wu,†a Qirong Liu,†b Pan Yang,†ac Hao Chen,a Sheng Li,c Yongbing Tang*b and Shanqing Zhang*a 

Organic electrode materials (OEMs) could deliver remarkable battery performance for metal ion batteries (MIBs) due to 

their unique molecular versatility, high flexibility, versatile structures, sustainable organic resources, and low environmental 

cost. For this, OEMs offer promising, green alternatives to traditional inorganic electrode materials (IEMs) of state-of-the-

art lithium ion batteries (LIBs). Before the prevail of OEMs, some inherent issues of OEMs such as low intrinsic electronic 

conductivity, significant solubility in electrolytes, large volume change, and low tap density must be addressed.  In this 

review, the potential roles, energy storage mechanisms, existing challenges, and possible solutions to address these 

challenges using molecular and morphological engineering are summarized and discussed thoroughly. Molecular 

engineering, such as grafting electron-withdrawing or electron-donating functional groups, increasing various redox-active 

sites, extending conductive networks, and increasing the degree of polymerization, could enhance the electrochemical 

performances, including specific capacity  (such as voltage output and charge transfer number), rate capability, and cycling 

stability.  Morphological engineering facilitates the preparation of different dimensional OEMs (including 0D, 1D, 2D, and 3D 

OEMs) via bottom-up and top-down methods to enhance electrons/ions diffusion kinetics at the OEMs and stabilize the 

electrode structure. In summary, molecular and morphological engineering could offer a practical path for developing 

advanced OEMs in next-generation rechargeable MIBs.

1. The introduction of organic electrode 

materials （OEMs） 

1.1 The brief history of OEMs development 

Since the announcement of the first commercial lithium-ion 

batteries (LIBs) by Sony Corporation in 1991, the epoch of 

potable smart electronic devices begins. In the first generation 

of LIBs, LiCoO2 (LCO) and graphite are proposed as the cathode 

and anode to deliver high specific capacities of ca. 274 mAh g-1 

and 372 mAh g-1, respectively.1-4 In order to further improve the 

energy density, rate capability and safety of LIBs, substantial 

efforts from the research and development world have been 

devoted to the exploration of high-performance electrode 

materials, mainly inorganic electrode materials (IEMs) such as 

LiMn2O4,5 LiFePO4,6 LiNiII1/3MnIV
1/3CoIII

1/3O2 (NMC)7 cathodes 

and silicon8-10 and lithium titanate (LTO)11 anodes across the 

following 30 years. IEMs were firstly adopted for LIBs mainly 

due to the commercial availability and apparent advantages of 

IEMs, as shown in Table 1. In particular, IEMs can generally 

maintain the structural and property stability in the organic 

electrolyte, partly ensuring a reasonable lifespan. Up to now, 

numerous kinds of general charging/discharging mechanisms 

for IEMs are proposed and verified, including Li ion 

intercalation/extraction, alloying/dealloying and redox 

conversion reaction for both cathode and anode.12 Besides, the 

large-scale metal mines as raw materials are readily available 

for the massive production of IEMs. Finally, morphological 

engineering makes available a wide spectrum of nanostructured 

IEMs, including 0D, 1D, 2D and 3D nanomaterials in the past 20 

years, which also propels the rapid development of IEMs. 

However, the present IEMs is also facing a series of drawbacks: 

(1) The short lifetime and potential fire risk can be attributed 

to the fact that IEMs often have inherent rigid structures that 

are not compatible with the significant volume changes and 

irreversible phase transition during the charge/discharge 

process; 

(2) The large-scale production of IEMs demands a huge 

consumption of unsustainable natural sources and energy in the 

course of mining (such as Li, Co and Ni) and high-temperature 

treatments. Such high carbon footprint activities could lead to 

irreversible damage to the ecological environment and severe 

pollution to the natural environment; 

(3) A limited amount of natural resources on the earth will  
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not meet the almost infinite demand of IEMs for large-scale LIBs 

applications such as electric vehicles and smart grids. 

With the increasing awareness of the economic and 

environmental costs of natural resource consumption, the 

design, production and application of advanced energy storage 

devices will promote the growth of the global green economy 

and meet the requirements of global carbon neutrality in the 

near future. For this reason, we not only need to further 

improve the energy density and safety of LIBs, but also need to 

adopt sustainable electrode materials in the design of a new 

generation of LIBs. Organic electrode materials (OEMs) could 

tick all the boxes to address these challenges and might play an 

important role in the next generation of LIBs and even other 

metal-ions batteries (MIBs), including sodium ion batteries 

(SIBs), potassium ion batteries (PIBs), zinc ion batteries (ZIBs), 

and aluminum ion batteries (AIBs). 

Generally, OEMs consist of low-cost and sustainable non-

metallic elements (e.g., C, H, O, S and N) that could have 

multiple tuneable redox potentials to suit current LIBs 

charge/discharge processes. Accordingly, OEMs can be 

classified into six types of compounds as listed in Fig. 1, i.e., 

carbonyl OEMs, sulfur-containing OEMs, nitrogen-containing 

OEMs, conducting polymer OEMs, radical-based OEMs, and 

overlithiated OEMs. The first OEMs-based LIB was reported in 

1960, about three decades before the commercialization of 

IEMs (see Fig. 1). From the viewpoint of electrochemical 

performance and properties of OEMs, it can be concluded that 

the OEMs development history is a history of the enhancement 

of energy density via two paths, i.e., raising redox potential (the 

upper part of Fig. 1) and boosting charge transfer number (the 

lower part of Fig. 1). 

In the first path, high operating potential electrode materials 

were used to advance the energy density of MIBs. The first 

inherent advantage of OEMs lies in the fact that the molecular 

structure of OEMs can be designed to tune the redox potentials 

of OEMs and, therefore the potential output of the relevant 

MIBs (see the upper part of Fig. 1). Carbonyl OEMs were the first 

type of OEMs that confirm the mechanistic viability of this 

Fig. 1 The historical development of OEMs: 20 compounds are selected to represent the development of six types of typical OEMs, including carbonyl OEMs, sulfur-containing OEMs, 

nitrogen-containing OEMs, conducting polymer OEMs, radical-based OEMs and overlithiated OEMs.  The columns above the time axis represent the operating potential range, while 

the columns under the axis indicate the charge transfer number of OEMs. 
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approach. In fact, via the introduction of functional groups, the 

redox potential of the carbonyl OEMs can be tuned between 

1.7-3.2 V (vs. Li/Li+), such as the dichloroisocyanuric acid (DCA, 

No. 1),13 quinone (No. 6),14 polyimide (No. 10),15 pyrene 

4,5,9,10-tetraone (PYT, No. 12), cyclohexanehexone (No. 14).16 

As an example, the redox potential of DCA13 could be elevated 

to 3.2 V (vs. Li/Li+) duo the introduction of three chlorine atoms. 

Conjugated dicarboxylate (No. 15)17 has a low-voltage redox 

potential of 0.8 V because of the core aromaticity and 

resonance of the carboxylates. The overlithiated OEMs, such as 

1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA, No. 

16),18 polyazaacene analogue (PQL, No. 17),19 the imine-based 

COFs (No. 18),20 multi carbonyl polyimides (PMTA, No. 19),21 

and polyimide Schiff base (NBI-PI, No. 20),22 could achieve an 

obvious anodic working plateau between 0-1.6 V (vs. Li/Li+). 

Besides, the representative sulfur-containing OEMs, 

tetraethylthiuram disulfide (TETD, No.7),23 deliver a high 

voltage around 3.0 V (vs. Li/Li+). The nitrogen-containing OEMs 

also have a wide working potential between 1.55 V to 3.0 V, 

such as 7,7,8,8-tetracyanoquinodimethane (TCNQ, No. 4),24 

5,6,11,12,17,18-hexaazatri-naphthylene (HATNA, No. 11),25 the 

azo compounds (No. 13).26 It is interesting that p-type OEMs, 

including conducting polymer OEMs and radical-based OEMs 

work at a high potential above 3.5 V (vs. Li/Li+). In 1981, through 

iodine doping, the conductivity of the conducting polymer 

polyacetylene (PA, No. 2) was enhanced by ca. 10 orders of 

magnitude, which bestowed PA as an excellent OEMs with a 

redox potential of 3.95 V (vs. Li/Li+).27, 28 Later, conducting 

polymers continued to  be used as OEMs with high voltages, 

e.g., 2.5 to 3.95 V (vs. Li/Li+) for polythiophene (No. 3), 3.0 to 4.3 

V (vs. Li/Li+) for polythiophene (No. 3),29 2.5 to 4.01 V (vs. Li/Li+) 

for polyaniline (No. 5),30 2.0 to 3.5 V (vs. Li/Li+) for polypyrrole 

(No. 8).31 However, the conducting polymers encountered 

severe barriers in delivering ample capacity in 

charging/discharging processes because of the limited doping 

level, typically below 50%.28, 32 In 2002, poly (2,2,6,6-

tetramethylpiperidinyloxy methacrylate (PTMA, No. 9), a radical 

OEM associated with 2,6,6-tetramethyl-1-piperidinyloxy 

(TEMPO) redox unit, deliver a high potential plateau at ca. 3.6 V 

(vs. Li/Li+) and high voltage range of 2.5 to 4.3 V (vs. Li/Li+). At 

this work, the PTMA could obtain a low theoretical capacity of 

ca. 111 mAh g-1 basing on a one-electron transfer reaction with 

the anions insertion.33 After that, in 2012, it can acquire another 

voltage range of 2.5 to 3.2 V (vs. Li/Li+) based on the second-

stage electron transfer of PTMA in a reversible cation (e.g., Li+) 

insertion through the construction of an improved electronic 

conductive network.34 The strategies in tuning the redox activity 

of OEMs by molecular engineering, such as tailing the redox 

potential via grafting functional group, will be reviewed 

systematically in section 2. 

In the second path, the charge transfer number (including 

electron, cation, or anion transfer number during energy 

storage reaction) of electrode materials is another parameter 

that determines the specific capacity. Via molecular and 

morphological engineering, the OEMs could boost the active 

sites on OEMs and therefore the charge transfer number (see 

the lower part of Fig. 1), which leads to a larger theoretical 

capacity.35, 36 This roadmap of OEMs implies that the 

development of OEMs with more redox electrons can be a 

promising research direction. The conducting polymers and 

radical OEMs usually undergo 0-2 electrons reaction with 

relatively low theoretical capacity, while the carbonyl, sulfur-

containing, nitrogen-containing, and overlithiated OEMs could 

contain a larger number of the active site or redox number in a 

range of 2-22. In 1969, DCA, the first reported carbonyl OEMs, 

could carry out a 4-electron transfer in a redox reaction.13 The 

carbonyl functional groups became popular in OEMs because of 

their high reactivity and theoretical capacity of around 957 mAh 

g-1 per C=O unit. Later on, significant attention is devoted to the 

increase of the number of redox-active carbonyl groups. The 

carbonyl compounds, including monomer carbonyl compounds, 

No. 6,14 No. 1237 and No. 14,16 equipped with two, four, and six 

carbonyl groups delivered escalating theoretical capacities of 

257 mAh g-1, 409 mAh g-1 and 957 mAh g-1, respectively. In 1988, 

Visco et al. bestow a sulfur-containing OEM(No.7), with high 

redox activity at sulfur-sulfur bond (S-S),23 by using cleavage and 

regeneration of covalent disulfide (S-S) bonds to enable a 2-

electron reaction in the formation of sulfide salts. Later, various 

molecular designs were developed to covalently bound 

poly(sulfide)s (-Sx-) into π-cyclic backbone to achieve a higher 

amount S-S bond reaction and corresponding increased number 

of electron transferring.38 Nitrogen-containing groups, 

including high redox-active C≡N, C=N, N=N bond, provide 

another approach to improve the diversity and high charge 

storage capacity of OEMs. The No. 4, a representative nitrogen-

based electron-poor molecules incorporated with unsaturated 

carbon-nitrogen bond, could present up to 4-electron 

transferring,24 while No. 11 molecules, a Schiff base with 

carbon-nitrogen double bond (C=N) and π-conjugated aromatic 

compounds could realize 6-electron migration in a redox energy 

storage reaction.25 The hexaazatriphenylene (HAT) showed in 

No. 11 molecule is an electron-deficient aromatic system with 

planar and rigid structure, playing a critical role as scaffolds for 

fabricating HAT-based π-conjugated microporous polymers 

(CMPs).39-41 These π-conjugated CMPs created a new platform 

for higher energy storage because of the porous structure and 

the multiple built-in redox-active sites. In 2018, a new family of 

OEMs containing active azo groups (No. 13) was adopted in 

LIBs.26 These azo functional groups pave another way to 

reversibly use the nitrogen-nitrogen double bond (N=N) to store 

two lithium ions with a high initial coulombic efficiency (ICE). 

Furthermore, the overlithiated OEMs are a promising strategy 

for a large number of redox sites to store metal ions. The 

polymerization of compounds No. 1015 and No. 1618 produces 

inherent conjugated structures that allow overlithiation at the 

conjugated aromatic rings at low working voltages. In 2012, for 

the first time,  Sun et al. employed a naphthalene-based multi-

ring, the aromatic compound No. 16, to illustrate the possibility 

of electrochemically adding 6 lithium ions in the fused C6 ring.18 

Then large π-conjugated ladder polymer No. 17, realized a 

mechanism of 12-lithium ions storage.19 Larger amount of Li+ 

accessible OEMs also been realized at similar conjugated 

aromatic compounds such as No. 18 (14 electrons),20 No. 19 (22 

electrons),21 and No. 20 (12 electrons).22 
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1.2 The advantages of OEMs 

It is widely recognized that the OEMs have a series of merits in 

comparison with IEMs: (See Table 1).42  

(1) Most OEMs could be produced from naturally sustainable 

resources (such as plants, microorganisms, and animal 

products) in low-energy consumption fabrication processes, 

exerting a lower carbon footprint.  

(2) The entrenched relationships between the 

electrochemical properties (such as redox potentials) and 

functional groups (such as electron-donating and attracting 

functional groups) allow us to tune the energy storage 

performance of OEMs-based LIBs, including the output voltage, 

specific theoretical energy density and power capability via 

grafting the functional groups onto the stable polymer 

backbones. Take TCNQ (No. 4) as an example, in 2013, Morita 

et al. studied the voltage changes upon the substitution of 

methyl group and fluorine atoms to TCNQ molecule.43 The 

methyl group, an electron donor group, enables to donate the 

electron cloud to the C≡N redox center, lead to an easier way 

to extract the electron from the C≡N bond and reduce the 

output voltage by ca. 0.1 V. On the contrary, the organic 

electron acceptor (fluorine atom) has the opposite effect 

toward the redox center, increasing the voltage by around 0.2 

V. 

(3) OEMs often have a soft molecular skeleton, which is 

suitable for flexible electrodes and devices. For example, the 

belt-shaped flexible batteries incorporated with OEMs have 

been fabricated and illustrated good electrochemical 

performance.44, 45  

(4) OEMs could universally accommodate monovalent metal 

ions such as Li+, Na+, K+ and the multivalent metal ions such as 

Zn2+, Mg2+, Ca2+ and Al3+.46  

1.3 The challenges of OEMs 

According to the molecular weight (MW), OEMs can be 

classified into two main types: small MW OEMs with short 

molecular chains and large MW OEMs with long molecular 

chains or typically polymers. The latter one is often designated 

as OEM polymers, since it has repeated functional units in the 

long main-chain and side-chain. The OEMs are facing many 

critical challenges (see Table 1) in the course of 

commercialization. OEMs, especially small MW OEMs, 

commonly show poor thermal stability and significant solubility 

at room temperature. The chemical and electrochemical 

stability in existing Li-based organic electrolytes is another 

indispensable parameter that affects the suitability of MIBs 

application. The high solubility in aprotic electrolytes could 

dramatically reduce the cycling life of the resultant LIBs, while 

the poor electronic conductivity of OEMs (except conducting 

polymers) is another barrier that must be addressed in the 

electrode fabrication in order to fully utilize the redox sites in 

the charge/discharge process. High-degree self-polymerizations 

of polymeric carbonyl materials based on quinone and PYT were 

carried out to address the solubility issue in aprotic electrolytes, 

leading to improved stability and high capacity.47-52 Moreover, 

due to the characteristics of polymerization (such as 

homogeneous chain reactions), the morphology of OEMs can be 

controlled in a much more complicated way than the scenarios 

in IEMs synthesis. As a result, the reported morphologies of 

OEMs are limited in comparison with IEMs, and most of the 

OEMs are obtained either in the form of powder or bulk. Finally, 

the charging and discharging mechanisms, i.e., the general 

redox schemes of OEMs that will specifically be introduced in 

the review, and still unclear, vague, and even controversial. 

Table 1 Comparison of the inorganic electrode materials (IEMs) and organic electrode materials (OEMs) for electrochemical energy storage. 

Electrode Materials Advantages/Characteristics Challenges 

Inorganic electrode 

materials 

（IEMs） 

• Normally not soluble in organic 

solvents 

• Established charge/discharge 

mechanism 

• Commercialized available IEMs 

• IEMs of diversified morphologies 

• Rigid structure 

• Large volume changes in charge/discharge 

• Irreversible phase transitions 

• Large-scale consumption of unsustainable natural 

sources and energy 

• Potential ecological damage and environmental 

pollution in LIBs lifecycle 

Organic 

electrode 

materials 

(OEMs) 

Small MW OEMs 

• Chemical tunability 

• Structural diversity and flexibility 

• Universal for multivalent and 

monovalent redox ions 

• Multiple electrons transfer number 

(up to 22) 

• Naturally sustainable resources 

• Environmental friendliness 

• Low carbon footprints 

• Low cost 

• High solubility in 

electrolyte 

• Poor electronic 

conductivity 

• Thermal stability 

• Chemical and 

Electrochemical 

stability 

• Unclear 

charge/discharge 

mechanism 

• OEMs of limited 

morphologies 

Large MW OEMs 

(Polymers) 

• Reduced solubility in 

electrolyte 

• Poor electronic 

conductivity (except 

conducting polymers) 
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1.4 General strategies of OEMs development 

This work reviews the history, strategies, progress, and 

achievements and provides prospective views and solutions in 

addressing the challenges of OEMs and promoting the merits of 

OEMs, as concluded in Table 1. Following the historical OEMs 

development trend in the roadmap (see Fig. 1), we 

systematically summarize the strategies of molecular and 

morphological engineering to boost the OEMs’ electrochemical 

performance in MIBs. The particular aims and operation of the 

design strategies are summarized as follows: 

(1) to design a new controllable polymerization reaction to 

increase the molecular weight of OEMs to address the 

dissolution and stability of OEMs. 

(2) to improve redox potential via the adoption of suitable 

functional groups in a conjugated organic structure. 

(3) to increase the active functional group sites and surface 

areas to store more ions to allow a higher electron transfer 

number. 

(4) to boost the surface area to boost the storage and 

accelerate the mass transport of ions, and to establish 

nanostructure to enhance conduction of electrons in OEMs via 

the morphological engineering of OEMs. 

With such coherent efforts, it can be envisaged that the next 

generation of OEMs of MIBs could eventually achieve large 

energy capacity, high power capability, and long cycling life. 

2. The electrochemistry of OEMs 

2.1 Fundamental redox mechanism of OEMs 

As aforementioned, electroactive OEMs are promising for next-

generation sustainable energy storage systems via various 

electrochemical redox reaction mechanisms.53-59 Based on the 

abilities of OEMs in a neutral state to accept or release electrons 

during electrochemical processes, OEMs can be categorized 

into three types of n-type, p-type, and bipolar-type.56, 60, 61 As 

shown in Fig. 2, OEMs have one or multiple specific redox 

centers in the organic molecule structures, primarily playing a 

dominant role in their redox mechanism. 

2.1.1 n-Type OEMs. n-Type OEMs in neutral states incline to 

attract electrons and are reduced to negatively charged states, 

which readily bond with active cations (Li+, Na+, K+, Mg2+, Zn2+, 

Ca2+, Al3+, etc.).62-72 In the charging process, the OEMs in 

negative states release electrons and are oxidized into the 

neutral states, which are reversibly decoupled from cations. 

Such highly reversible redox chemistry on the organic functional 

groups endows the OEMs with good availability in MIBs. These 

n-type OEMs generally deliver redox potential typically below 3 

V (vs. Li+/Li).62, 73-76 So that they can work as either cathode or 

anode in MIBs (Fig. 2a), relying on the redox potential of the 

specific counter electrodes.74, 77, 78 

Generally, n-type OEMs include carbonyl compounds (–C=O), 

imine compounds (–C=N–), azo compounds (–N=N–), cyano 

derivatives (–C ≡ N), organosulfur compounds (–S–S–), 

conducting polymers (–C=C–), etc. They usually undergo 

different bond reactions and intramolecular electron transfer in 

the redox process. During the reduction process, electroactive 

carbonyl groups convert into enolate monoanions (–C–O–) and 

then react with active cations. In the oxidation process, a 

reverse enol-ketone transformation occurs at the carbonyl 

active sites. As for imine compounds,20, 79-81 their electroactive 

imine groups can reversibly accept/donate electrons during the 

redox process. Simultaneously, the cations combined or left 

from the functional groups ensure the charge balance between 

imine groups and active cations. Similar redox chemistries of 

intramolecular electron transfer can also be authenticated for 

different electroactive groups in other n-type OEMs, such as 

cyano groups in cyano derivatives and carbon bonds in 

conducting polymers, etc.73, 82 Unlike the above mechanism, the 

disulfide groups in some organosulfur compounds83-86 are 

subject to breakage and form thiolate during the reduction 

reactions and reversibly regenerate disulfide bonds in the 

subsequent oxidation process. Besides, azo groups in azo 

compounds87, 88 undergo distinct redox chemistry, a direct 

reaction between azo groups and cations without 

intramolecular electron transfer. 

2.1.2 p-Type OEMs. p-type OEMs tend to release electrons 

reversibly and be oxidized into positively charged states, 

accompanying the combination with active anions (PF6
-, ClO4

-, 

FSI-, CF3SO3
-, etc.), during the charging process of batteries.89-93 

Generally, the p-type OEMs endow with higher redox potentials 

because of the relatively lower molecular energy levels formed 

via the transformation from neutral states to positively charged 

states. In contrast, for n-type OEMs, higher molecular energy 

levels are generated at negatively charged states. Thus, p-type 

OEMs take advantage of higher operating voltages over n-type 

ones when they work as cathodes in batteries. Due to the redox 

chemistry of p-type OEMs is associated with the combination of 

active anions instead of conventional cations, the 

corresponding batteries based on the p-type OEMs are also well 

known as dual-ion batteries (Fig. 2b) involving anion-cation 

dual-carrier chemistry.94-96 

According to previous works, p-type OEMs typically include 

amine derivatives, thioethers, organic radicals, conjugated N-

heterocycles, etc. Especially for amine-based derivatives,95, 97, 98 

during oxidation reactions, neutral amine groups release 

electrons to form positively charged N cations and at the same 

time bonds with active anions. Conversely, the corresponding 

reduction reactions undergo reversible electron acceptance and 

anion disassociation. The thioethers belong to organosulfur 

compounds but present different redox schemes from 

disulfides and polysulfides.54, 86, 99 Generally, the thioethers 

endow with redox chemistry of thio radicals (–S–) releasing and 

accepting electrons during the charging and discharging 

processes, respectively. Besides, the organic radical 

compounds,91, 100 mainly nitroxyl radicals, can be oxidized to 

positively charged oxoammonium radicals, and combine with 

anions in the charging processes. Reverse reduction chemistry 

occurs in the corresponding discharging process. Finally, the 

conjugated N-heterocycles66, 98, 101  could store and convert 

energy relating to intramolecular electron transfer at a high 

charging/discharging potential. The N atoms are capable of  
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losing one electron and thus generating sp2 hybridization ions 

bonding with anions. Another left electron can be shared with 

adjacent carbon. However, the p-type reactions of conjugated 

N-heterocycles generally bring about relatively low specific 

capacities. 

2.1.3 Bipolar-type OEMs. Bipolar-type OEMs in neutral 

states, combing the merits of n-type or p-type OEMs, are 

allowed to form negatively and positively charged states 

depends on the operating potentials. In the reverse redox 

process, these negatively (positively) charged OEMs could be 

reduced/oxidized to the initial neutral states and even to 

positively (negatively) charged states via attracting and 

releasing electrons. This redox process is achieved via two-step 

successive reduction/oxidation reactions accompanying cation 

(anion) dissociation and subsequent anion (cation) 

combination. Accordingly, the bipolar-type OEMs can work as 

anodes and cathodes in conventional rechargeable batteries 

and dual-ion batteries (Fig. 2c). Furthermore, when pairing with 

appropriate anodes, they can also be assembled into hybrid 

batteries (Fig. 2c) in the conjunction of the “rocking-chair” 

cation shuttle characteristic (stage I) and anion-cation dual-ion 

mechanism (stage II).102, 103 

Due to the bipolar charging process features, bipolar-type 

OEMs usually have two kinds of composition: one is the free 

radicals with good capability of electron-withdrawing and 

electron-donating,91 another structure is implanted with 

different functional groups individually undergoing n-type 

reactions and p-type reactions.93 Typically, these OEMs include 

radical polymers (e.g., nitronyl nitroxide) and conducting 

polymers (e.g., polyaniline and polypyrrole). Taking conducting 

polymers as an example, they participate in the redox chemical 

reaction based on the delocalization along their main chain, and 

then incorporate anions and cations during the oxidation and 

reduction processes. Besides, for radical compounds, when 

neutral radical polymers occur in the p-type reactions and n-

type reactions, their free radicals such as nitroxyl radicals can 

be oxidized to positively charged oxoammonium cations and 

reversibly reduced to negatively charged aminoxy anions, 

respectively.34, 91 Interestingly, these electrochemical redox 

Fig. 2 Electrochemical redox reaction mechanisms of n-type (a), p-type (b), and bipolar-type (c) OEMs and their individual electrochemical cell configurations. 
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processes are carried out without intramolecular electron 

transfer. 

2.2 Classification of OEMs 

Since the first demonstration of OEMs in 1969, a number of 

organic materials containing diverse electroactive organic 

functions have been successfully exploited for electrochemical 

energy storage. Based on electroactive redox centers, OEMs can 

be classified into six categories (see Table 2), including carbonyl 

compounds, sulfur-containing OEMs, nitrogen-containing 

compounds, conducting polymers, radical-based polymers, and 

overlithiated compounds.53, 54, 58, 98, 101, 104 They show variable 

electrochemical properties in material-levels, involving 

operating potential, specific capacity, conductivity, and cycling 

stability, which will be introduced in the following content. 

Table 2 Typical redox reaction mechanisms and electrochemical features of six categories of OEMs. 

Classification 

of OEMs 
Types Typical redox reaction scheme 

Electro-

organic 

chemistry 

Electron transfer 

modes 
Features 

1. Carbonyl 

OEMs 

Quinones 
 

Double 

bond 

addition 

Intramolecular 

and  

intermolecular 

transfer  

• High 

capacity 

• High 

solubility 

• Low 

electronic 

conductivity 

• Medium 

voltage 

Carboxylates 
 

Anhydrides 

 

Imides 

 

2. Sulfur-

containing 

OEMs 

Disulfides 

 

Single bond 

cleavage/re

generation 
Intermolecular 

transfer 

• High 

capacity 

• Medium 

voltage 

• Low 

electronic 

conductivity 

• Medium 

voltage 

• Poor cycling 

reversibility 

Polysulfides 
 

Thioethers 

 

Doping 

reaction 

• Low specific 

capacity 

• High voltage 

plateau 

3. Nitrogen-

containing 

OEMs 

Imines 

 
Double 

bond 

addition 

Intramolecular 

and  

intermolecular 

transfer 

• High 

capacity 

• Fast kinetics 

• Low voltage 

Cyano 

derivatives  

• Medium 

voltage 

• High 

solubility 
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Table 2 continued     

 

Azo 

compounds  
 Intermolecular 

transfer 

• High 

capacity 

• Low voltage 

• High 

solubility 

Arylamine 

compounds 

 

Doping 

reaction 

Intermolecular 

transfer 

• High voltage 

plateau 

• High 

electronic 

conductivity 

• Fast kinetics 

• Low specific 

capacity 

 

Double 

bond 

addition 

Intramolecular 

and  

intermolecular 

transfer 

4. 

Conducting 

polymer 

OEMs 

Conjugated 

hydrocarbon

s 
 

Doping 

reaction 

Intramolecular 

and  

intermolecular 

transfer 

• High 

electronic 

conductivity 

• Fast kinetics 

• High 

discharge 

voltage 

• Sloping 

voltage 

plateau 

• Low specific 

capacity 

Conjugated 

benzene  

Conjugated 

amines  

Intermolecular 

transfer 

Conjugated 

thioethers  

Intramolecular 

and  

intermolecular 

transfer 

5. Radical-

based OEMs 

Nitroxyl 

radicals 
 

Doping 

reaction 

Intermolecular 

transfer 

• Fast kinetics 

• Low specific 

capacity 

• Low 

electronic 

conductivity 

Dialkoxyaryl 

radicals 

 

Intramolecular 

and  

intermolecular 

transfer 

Galvinoxyl/p

henoxyl 
 

Intermolecular 

transfer 

6. 

Overlithiate

d OEMs 

Redox active 

mutiltfunctio

nals groups 

OEMs  

Double 

bond 

addition 

Intramolecular 

and  

intermolecular 

transfer 

• High 

capacity 

• Low voltage 

 

2.2.1 Carbonyl OEMs. In 1969, the first carbonyl OEM, 

namely dichloroisocyanuric acid, was found to exhibit high 

electrochemical activity for LIBs but suffer from fast capacity 

fading.13 After that, carbonyl compounds are extensively 

studied for electrochemical energy storage because of their 

high theoretical capacity (up to 957 mAh g-1), high reversibility, 

and structural diversity.16, 17, 52, 105-110 These carbonyl 

compounds can be sorted into quinones, carboxylates, imides, 

anhydrides, etc. For example, quinones are typical carbonyl 

compounds endowing with two carbonyl groups in hexagonal 

cyclic diketone structure, and their specific capacity is strongly 

dependent on the number of carbonyl groups in their molecular 
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structure (Fig. 3a1).72, 111-115 One 1,4-benzoquinone (BQ) 

molecule with two carbonyl groups can transfer two electrons 

during the reduction process, which yields a theoretical specific 

capacity of 496 mAh g-1.112, 116 For the dilithium rhodizonate 

(Li2C6O6) with four electroactive carbonyl groups, its capacity is 

up to 589 mAh g-1.111, 117, 118 Particularly, among all carbonyl 

compounds, hexagonal cyclic ketone (C6O6) with six carbonyl 

groups in one molecule can deliver the highest capacity of 957 

mAh g-1 (Fig. 3a2).16 Carboxylates are composed of aromatic 

ring(s) bonding with carboxylate groups (e.g., –COOLi, –COONa, 

–COOK) (Fig. 3b).74, 77, 110, 119 Compared with carbonyl groups, 

carboxylate groups are akin to the addition of electron-donating 

groups to carbonyl groups, which leads to lower operating 

potential. Thus, carboxylates are more appropriate for anode 

materials. Imides have a structural formula of –(C=O)–(N-R)–

(C=O)–, where N atoms bond with two carbonyl groups 

connecting to the aromatic ring structure.15, 120-123 Their 

electrochemical redox mechanism is also associated with 

enolization reactions of carbonyl groups along with the 

association/dissociation of active cations with/from O atoms 

(Fig. 3c),122-124 and generally also involves the p-type redox 

reaction between N atoms with active anions for carboxylate-

based polymers.93, 125 Anhydrides are comprised of at least one 

aromatic ring and two anhydride groups, which bestow 

anhydrides with large conjugated structures (Fig. 3d).126-128 

Resultantly, anhydrides generally present good cycling 

reversibility. 

Nevertheless, carbonyl compounds, particularly with low 

molecular mass, present severe dissolution issues in aprotic 

electrolytes because of their facile interaction with electrolyte 

solvents.52, 129, 130 Besides, their discharge products can dissolve 

in aqueous electrolytes even though carbonyl compounds have 

low solubility in the water solvent. Accordingly, these 

electrodes based on carbonyl compounds deliver high 

electrochemical irreversibility and fast capacity fading during 

charge/discharge processes.72 For example, although BQ 

features a high theoretical capacity via a two-electron reaction, 

it generally undergoes a severe dissolution problem, which  

 

Fig. 3 Electrochemical performance and mechanism of different-type carbonyl OEMs. (a) Quinone derivatives: (a1) preparation, structures, theoretic reactions and initial discharge 

capacity of oxocarbon salts,111 (Reproduced with permission from ref. 111. Copyright 2016, Wiley-VCH) and (a2) the redox mechanism of C6O6 in lithium batteries confirmed by DFT 

calculations.16 Reproduced with permission from ref. 16. Copyright 2019, Wiley-VCH. (b) Carboxylates: DFT simulations of K4PM for potassium ion storage and typical 

charge/discharge curves of different current densities.74 Reproduced with permission from ref. 74. Copyright 2021, Wiley-VCH. (c) Imides: the redox mechanism of (N,N’-bis(2-

anthraquinone))-perylene-3,4,9,10-tetracarboxydiimide (PTCDI-DAQ).124 Reproduced with permission form ref. 124. Copyright 2020, WILEY-VCH. (d) Anhydrides: simulated PTCDA 

unit cell incorporating two H3O+ ions and a comparison of the charge/discharge profiles for the storage of Na+ ions at 1 A g-1, K+ ions at 0.5 A g-1, and hydronium ions (10th cycle) at 

1 A g-1 in PTCDA.127 Reproduced with permission from ref. 127. Copyright 2017, Wiley-VCH. 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 21  

Please do not adjust margins 

Please do not adjust margins 

correlates with their relative polarity, donor number, and 

intermolecular interaction energy.112, 113 9,10-anthraquinone 

(AQ) is another typical carbonyl compound with good 

electrochemical redox reversibility and high theoretical 

capacity. However, the inferior cycling performance is one main 

challenge due to its serious solubility in electrolytes.131, 132 Yang 

et al. observed a poor cycling performance of AQ with less than 

50 % capacity retention after 80 cycles.131 

The low electronic conductivity of the carbonyl OEMs is 

another hurdle that leads to low energy densities and rate 

capabilities.22, 101 In the preparation of OEMs electrodes, extra 

addition of conductive agent, e.g., up to 50 wt% carbon black, is 

needed, which inevitably lowers the specific capacity of the 

electrode and resultant energy density.133 Thus, the current 

studies on carbonyl-based OEMs mainly focus on enhancing the 

cycling stability and electronic conductivity. 

2.2.2 Sulfur-containing OEMs. The low specific capacity of 

early conductive polymer cathodes called for the exploration of 

alternative OEMs with high capacity. The sulfur-containing 

OEMs are defined as the compounds including redox-active 

sulfur atoms, such as disulfides, polysulfides and thioethers, 

which take some advantages of low cost, environmental 

benignity, and biodegradability, etc., and are one type of 

promising OEMs. Typically, the disulfides and polysulfides are 

based on the reversible breakage and regeneration of S−S 

bonds endowing with n-type two/multi-electron redox, capable 

of delivering higher capacity.84, 86, 134 In contrast, thioethers are 

subject to the reversible p-type reaction between C−S−C and  

 

Fig. 4 Electrochemical performance of sulfur-containing OEMs. (a) Disulfides/polysulfides: specific capacity and cycling performance of high-loading DMTS.137 Reproduced with 

permission from ref. 137. Copyright 2016, Wiley-VCH. (b) Thioethers: charge–discharge curves of Poly(phenylacetylene)s bearing thianthrene groups and corresponding cycle 

performance.136 Reproduced with permission from ref. 136. Copyright 2019, Elsevier. (c) The challenges and improvement of sulfur-containing OEMs: (c1) Chemical structures of 

DPDS, 2,2’-DpyDS, 4,4’-DpyDS, and DpyDSDO, (c2) their electron density of the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO), (c 3) 

their voltage–capacity profiles for Li+-ion storage in the 100th cycle, and (c4) their cycling performance at C/2 rate.83 Reproduced with permission from ref. 83. Copyright 2019, The 

Royal Society of Chemistry. 
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C−S+−C. Hence, thioether cathodes are prone to bind with active 

anions from electrolytes during the charging process and deliver 

relatively higher discharge potentials.135, 136 Besides, there is no 

presence of breakage and regeneration of S−S bonds during the 

electrochemical redox reaction of thioethers, which is expected 

to present better cycling stability than disulfides and 

polysulfides. In addition, owing to the existence of the π-

electron delocalization effect between the aromatic rings and S 

atoms with a lone pair of electrons, the thioether bond can 

contribute to faster electron transfer. Since Visco et al. reported 

the first n-type sulfur-containing OEMs in 1988,23 increasing 

efforts were devoted to developing organosulfur compounds as 

cathode materials. For example, Fu et al.137 developed an 

organotrisulfide cathode material (DMTS, CH3-S-S-S-CH3) with a 

four-electron redox reaction mechanism, which delivered an 

initial capacity of up to 720 mAh g-1 (Fig. 4a). Ren et al. 

synthesized two thianthrene-containing 

poly(phenylacetylene)s, in which thianthrene groups with 

C−S−C bonds serve as redox-active centers. Both polymer 

cathodes could deliver high discharge potentials of 4.1 V vs. 

Li/Li+, unfortunately, their specific capacities were below 100 

mAh g-1 (Fig. 4b).136 Some thioethers, involving a four-electron 

reaction mechanism of “thioether–sulfoxide–sulfone”, they are 

capable of obtaining high specific capacities ranging from 500 

to 800 mAh g-1.138 

Whereas disulfides and polysulfides usually deliver poor 

cycling performance due to the dislocation of the broken S-S 

bonds and the severe dissolution of these organosulfides and 

their products in aprotic electrolytes. In a discharge process, the 

products resulted from the breakage of –S-S- bonds in the 

sulfides are commonly have smaller molecular weight and more 

soluable in electrolytes.86, 137 For example, Poly(2,5-dimercapto-

1,3,4-thiadiazole) (PDMcT), a typical polymeric organodisulfide, 

has a high theoretical capacity of 362 mAh g-1.139 Due to the 

breakage of S-S bonds in the main chains, the polymer in the 

cathode is converted into a small organic molecule of DMcT2- in 

the discharge process, which features a severe dissolution in the 

electrolyte, causing poor cycling stability. Also, Wang et al.83 

improved the cycling performance of organodisulfides via the 

substitution of N-containing heterocycles for aromatic rings in 

diphenyl disulfide (DPDS) (Fig. 4c). Compared with DPDS, the 

designed 2,2’-dipyridyl disulfide (2,2’-DpyDS) showed much 

superior cycling performance due to the coordination of the 

N/Li/S bridge lowering the solubility of the discharge product of 

2,2’-DPyDS than that of DPDS. In the case of thioethers, the 

unusual redox reaction mechanism involving the formation of 

sulfoxide and sulfone groups generally results in poor cycling 

performance after dozens of cycles. 

Besides, organosulfur compounds suffer from low electronic 

conductivity and thus sluggish kinetics for energy-storage 

application. For example, only when the temperature is above 

100 oC, DMcT can be operated for reversible storage of Li+ 

ions.140 Considering the poor conductivity of organosulfur 

electrode materials and the high solubility of small-molecule 

products, researchers developed a type of organodisulfides 

(poly(2,2’-dithiodianiline), PDTDA) consisting of polymeric main 

chains and side chains containing S-S bonds.140 The polymeric 

main chains are generally insoluble and electronically 

conductive, which boosts cycling performance. Nevertheless, 

the dislocation of different chains in the discharged state gives 

rise to low rebonding efficiencies of the broken S-S bonds on the 

side chains. In order to surmount this problem, S-S bonds are 

designed to decorate the side of the same chains to enhance 

the rebonding capability. Deng et al.141 developed such an 

organosulfur compound of poly(5,8-dihydro-1H,4H-2,3,6,7-

tetrathia-anthracene) (PDTTA), which can markedly present a 

high specific capacity of 422 mAh g-1 and enhanced cycling 

performance. However, owing to the intrinsic defect of slow 

kinetics, the electrochemical properties of the organosulfur 

compounds remain to be further improved. 

2.2.3 Nitrogen-containing OEMs. It is well known that 

reversible electrochemical redox reactions are prone to occur 

on organic moieties with conjugated structures or at the redox-

active heteroatom centers (e.g., N, S, O) with a lone pair of 

electrons. These conjugated structures can facilitate the 

electron transfer in the electrochemical redox reactions and the 

charge delocalization of redox products. As for the redox-active 

heteroatom centers, their intrinsic lone-pair electrons bestow 

them with a higher redox activity and enhance electronic 

conductivity.80, 138, 142 Compared with S and O heteroatoms, N 

heteroatoms exhibited several unique characteristics and 

different electrochemical behaviors. On the one hand, it has a 

strong bond with adjacent C/O/N atoms so that the breakage of 

N-C/N-O/N-N bonds scarcely takes place in the redox reaction 

process, ensuring good electrochemical reversibility. On the 

other hand, compared with C atoms, the N atoms of saturated 

amines uniquely feature sp3 hybridization and have one lone 

pair of electrons, which can be shared with a cation to produce 

quaternary ammonium ions. Interestingly, the N atoms allow to 

loss of one electron and interact with one anion.104 Such 

behaviors indicated a bipolar electrochemical character. N-

containing compounds are defined as the OEMs in which their 

electrochemical redox-active centers contain N elements.98 

According to the different redox-active centers, N-containing 

compounds can be divided into imine compounds containing 

N=C bonds, cyano derivatives containing N≡C bonds, azo 

compounds containing N=N bonds, and arylamine compounds 

containing arylamine groups. 

Imine compounds containing redox-active N=C bonds could 

serve as OEMs for electrochemical energy storage since 

2014.143, 144 The redox reaction mechanism associated with a 

single/multi-electron redox chemistry via converting C=N bonds 

into C-N bonds and the intramolecular electron transfer in the 

conjugated structure accompanied by the insertion of active 

ions (e.g., Li+, Na+), is corresponding to the acceptance of 1 or 

1.4 electrons per C=N group.143, 144 Generally, redox-active C=N 

centers in common aromatic groups, except for strong electron-

deficient groups such as pyrazine rings, show relatively low 

redox potentials, implying promising anode materials. Imine 

compounds, typically including pyrazinyl compounds,142 

triazinyl compounds,102, 145 Schiff bases,144 and pteridine 

derivatives,146 are characterized by a tunable electrochemical 

redox activity, which is strongly dependent on their conjugated 

structure and geometric plane structure.81, 147 For example, a 
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phenazine molecule consisting of pyrazine bonding with two 

aromatic rings is usually subject to an n-type reaction of active 

cation insertion, in which N atoms are redox-active centers. 

During the n-type reaction process of phenazine at moderate 

potentials (generally below 2.0 V vs. Li/Li+), there is the 

transformation of C=N bonds into C-N bonds and 

simultaneously the formation of N-M bonds (M denotes active 

metal cations).148 Such an electrochemical process can yield an 

N-substituted phenazine with p-type character, which can 

undergo a p-type reaction to produce positively charged N 

atoms accompanying with the re-formation of N=C without the 

breakage of N-M (nitrogen-metal cation) bonds at relatively 

high potentials (above 3.0 V vs. Li/Li+).147 The positively charged 

state of N atoms is stable due to the increased conjugation and 

the balanced anions stemming from the electrolyte. Besides, 

some high-capacity pyrazinyl compounds usually encounter 

high solubility in electrolytes, causing poor cycling 

performance.142 For example, although small-molecule 

hexaazatrinaphthalene (HATN) with six C=N groups per unit had 

a high specific capacity but a fast capacity fading (Fig. 5a),80, 142 

which generally restricts its practical application. Polymer HATN 

(PHATN) was proposed to limit the solubility and simultaneously 

boost electronic conductivity.149 As a result, the PHATN not only 

presented an enhanced cycling performance, but also achieved 

fast reaction kinetics and high rate capability.81, 142, 150 Triazinyl 

compounds generally consist of polymerized triazine rings with 

different linkers (e.g., benzene),102 and share a similar redox 

mechanism with pyrazinyl compounds. Interestingly, in 

comparison to pyrazinyl groups, triazinyl groups theoretically 

have a higher reversible capacity. Also, the porous structure of 

polymeric triazinyl compounds benefits fast ionic transfer and, 

thus a high rate capability.

  

Fig. 5 Electrochemical performance of some typical nitrogen-containing OEMs. (a) Imine compounds: structural evolution of 3Q during the lithiation process.80 Reproduced with 

permission from ref. 80. Copyright 2017, Macmillan Publishers Limited, part of Springer Nature. (b) Cyano derivatives: the charge/discharge profile of DCA.153 Reproduced with 

permission from ref. 153. Copyright 2016, Elsevier. (c) Azo compounds: (c1) the charge/discharge curves, (c2) rate capability, and (c3) cycle performance of ADALS.87 Reproduced with 

permission from ref. 87. Copyright 2018, Proceedings of the National Academy of Sciences. (d) Arylamine compounds: (d1) The long-term cycling stability of potassium-ion battery 

with PTPAn cathode,157 (Reproduced with permission from ref. 157. Copyright 2017, American Chemical Society) and (d2) the charge/discharge characteristics of potassium-ion 

batteries with p-DPPZ cathode.158 Reproduced with permission from ref. 158. Copyright 2019, American Chemical Society. 
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Nevertheless, it is noteworthy that a wide voltage window is 

necessary for triazinyl compounds to fully deliver their specific 

capacities because of their sloping potentials during the 

charge/discharge processes. Besides, for pyrazinyl and triazinyl 

compounds, their working potentials of n-type redox reactions 

locate in the range of 1~2 V vs. Li/Li+, and their capacities of p-

type redox reactions are still insufficient even though they can 

achieve relatively higher redox potential. Schiff bases with a 

configuration of R1-N=CH-R2 (R1 and R2 typically denote 

aromatic groups) can undergo a two-electron redox reaction at 

1 V vs. Li/Li+, implying potential anode materials for batteries. 

Compared with monomeric Schiff bases, polymeric Schiff bases 

feature low solubility, high thermal stability, and mechanical 

strength. Commonly, polymeric Schiff bases, consisting of the 

Hückel-stabilized repeat unit of –N=CH–Ar–HC=N– (Ar denotes 

aromatic group) with ten-π-electron electrochemical activity, 

can accommodate more than one Na+ ion per redox-active –

C=N– bond. The repeat unit complies with the Hückel rule of 

aromaticity, i.e., cyclic coplanar units with (4n + 2) π electrons 

(n is a positive integer) have extra stability.143, 151 Accordingly, 

the existence of inactive Ar aromatic group is greatly conducive 

to boosting the stability of Schiff base structure; otherwise, the 

Schiff bases present poor cycling performance. It should be 

emphasized that the isoelectronic inverse unit of –CH=N–Ar–

N=HC– is electrochemically inactive, because the strong 

interaction between N atoms with the neighbor aromatic ring 

gives rise to the loss of planarity. Pteridine derivatives are also 

a typical classification of imine compounds. Distinct from other 

imine compounds, pteridine derivatives have biologically 

occurring redox centers of conjugated diazabutadiene moiety, 

which is capable of facilitating the proton-coupled electron 

transfer reactions even when N atoms have been reduced.146 

Flavin, a typical pteridine derivative, can reversibly store two 

electrons and two balancing active cations per molecule, in 

which the n-type redox reaction reversibly occurs at the 

conjugated diazabutadiene moiety of the isoalloxazine ring, 

accompanying with the reversible conversion between 

isoalloxazinic structure and alloxazinic structure, via two 

successive proton-coupled single-electron transfer processes of 

N5 and N1.146, 152 Note that the carbonyl groups in flavin do not 

work as redox-active sites. 

Cyano derivatives were reported as cathode materials for 

lithium-ion batteries in 1984.24 7,7,8,8-

tetracyanoquinodimethane (TCNQ) is a typical cyano derivative, 

its redox reaction mechanism involves two-step n-type 

reactions of converting TCNQ into TCNQ– and then TCNQ2– 

followed by the insertion of Li+ ions, and the corresponding 

potential is about 3.0 V vs. Li/Li+, amongst the highest values for 

n-type OEMs. Further reducing the operating potential to below 

1 V vs. Li/Li+ will possibly cause an irreversible electrochemical 

redox reaction relating to the formation of LiCN. In addition, 

some cyano derivatives are composed of aromatic rings 

decorated with cyanide groups, which usually deliver relatively 

lower redox potentials of 1.0~2.0 V (Fig. 5b).153 However, the 

cyano derivatives also suffer from high solubility in the 

electrolyte and resultantly poor electrochemical reversibility. 

Azo compounds are an emerging type of OEMs, where azo 

(N=N) groups act as the redox-active centers for reversible 

electrochemical redox reactions, which was firstly reported by 

Luo et al. in 2018.26, 87 Similarly, azo compounds undergo n-type 

reactions, where N=N bonds are added into N-N bonds followed 

by the insertion of two active cations (e.g., Li+, Na+). Compared 

with every imine group that can accept 1 or 1.4 electrons, every 

azo group can achieve a higher theoretical capacity with 2 

electrons.26, 87, 154 However, the azo groups connecting with two 

phenyl rings generally endow with a redox potential of ~1.5 V 

vs. Li/Li+ (Fig. 5c). 26, 87, 154 Nevertheless, azo compounds have 

also been facing the challenges of the dissolution in organic 

electrolytes and possible electrochemical redox irreversibility 

under low operating potentials. 

Unlike other redox-active centers in redox N-based 

compounds, in arylamine compounds,95, 155 N atoms could serve 

as the p-type redox-active centers, donating electrons and 

simultaneously being stabilized by anions. Triphenylamine 

polymers such as poly(triphenylamine) (PTPAn) are one typical 

type of arylamine compound, in which N atoms situate at the 

center to link with three phenyl rings.156 The triphenylamine 

group endows with a nonplanar structure and positive charges 

at oxidized state are prone to localize at these N atoms.97, 157 For 

example, the redox reaction mechanism of PTPAn cathode 

involves that the N atom donates one electron and is converted 

to positively charged N+, stabilized by one inserted PF6
- anion 

from the electrolyte.156, 157 An organic potassium-ion battery 

with PTPAn as the cathode delivered an encouragingly high rate 

capability and a stable cycling performance (retaining 85 % 

capacity after 500 cycles) (Fig. 5d1).157 Interestingly, although N 

atoms in poly(N-phenyl-5,10-dihydrophenazine) (p-DPPZ) have 

a similar location structure as PTPAn, its redox mechanism is 

remarkably different from the latter. The redox reaction of p-

DPPZ during the oxidation process involving redox chemistries 

of intramolecular electron transfer can be divided into two 

steps.158 The first step is associated with the transformation of 

every second 1,4-phenylenediamine moiety in the main 

polymer chain to the quinoneimine. The second step 

corresponds to the further conversion of all 1,4-

phenylenediamine fragments into quinoneimines. Besides, 

carbazole polymers are typical arylamine compounds in which 

conjugated arylamine groups are appended on non-conjugated 

polymer backbones. Not only are these separated redox-active 

centers beneficial to stabilize the working voltage, but also the 

intramolecular π–π stacking interaction between arylamine 

groups is in favor of charge transfer, conducive to boosting the 

reaction kinetics and cycle performance (Fig. 5d2).53 For 

example, poly(N-vinylcarbazole) (PVK) was exploited by Li et al. 

to work as a cathode material for a potassium-ion battery.159 

The PVK cathode undergoes a similar p-type reaction relating to 

the electron-donating/accepting process of N atom in PTPAn. 

The battery delivered a high rate performance and high medium 

discharge voltage of 4.05 V vs. K/K+. Nevertheless, these 

arylamine compounds take an obvious disadvantage of low 

specific capacity. 

2.2.4 Conducting polymer OEMs. Conjugated conducting 

polymers are a class of attractive OEMs because of their 

inherently high electronic conductivity and chemical stability. 
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Since the first investigation of polyacetylene conductive 

polymer for the cathode in lithium-based dual-ion batteries in 

1981,160 tremendous efforts have been devoted to developing 

electroactive conducting polymers for OEMs. In view of the 

different electroactive redox groups, conjugated conducting 

polymers can be classified into four major groups, including 

conjugated hydrocarbons (e.g., polyacetylene), conjugated 

benzene (e.g., polyparaphenylene), conjugated amines (e.g.,  

polyaniline and polypyrrole) and conjugated thioethers (e.g., 

polythiophene) (Fig. 6a).54, 58, 101, 138 Generally, the electron 

dislocation in the conjugated structure enables either the 

acceptance and donation of electrons (bipolar-type reactions), 

and stabilize the resultant products. Some conjugated 

conducting polymers (such as polyaniline, polypyrrole, and 

polythiophene) are mainly used as p-type redox cathodes. On 

the one hand, most conducting polymers endow with electron-

rich character, which allows more stable oxidized states than 

reduced states of conducting polymers. On the other hand, 

their p-type reactions have relatively higher electrochemical 

redox potentials (2.5~4.5 V vs. Li/Li+).161-164 In addition, if 

working voltage windows are sufficiently wide, conjugated 

conducting polymers with electrochemical bipolar 

characteristics (such as polyacetylene and polyparaphenylene) 

can successively be subject to n-type reaction and p-type 

reaction, which is appropriate for the cathode in hybrid 

batteries (generally on the basis of alkali(ne) metal anode),102, 

103 beneficial to the improvement of the energy density of MIBs. 

Compared with small-molecule carbonyl compounds suffering 

from low electronic conductivity and high solubility in aprotic 

electrolytes, conducting polymers as electrodes could present 

superior characteristics of relatively high electronic conductivity 

and limited solubility in electrolytes, which are beneficial to 

enhance their rate capability and cycling stability.161, 164 For 

example, Wan et al.103 reported an aqueous rechargeable zinc-

organic battery using conducting polyaniline with a hybrid 

mechanism as the cathode, which delivered excellent rate 

capability and cycle performance (Fig. 6b). 

However, some drawbacks for conjugated conducting 

polymers remain to be further studied, including low discharge 

capacity, sloping operating voltage profile, and self-discharge 

issue. Unlike small-molecule OEMs, conducting polymers have 

high molecular mass, and their energy-storage mechanism is 

based on ion doping. As a result, their specific capacity is 

theoretically determined by the doped ability of the repeating

 
Fig. 6 Electrochemical characteristics of conducting polymer OEMs. (a) p-Type reaction mechanism of typical conducting polymer OEMs.163 Reproduced with permission from ref. 

163. Copyright 2019, American Chemical Society. (b) Typical bipolar characteristic and electrochemical properties: the redox mechanism, rate capability, and cycle performance of 

conducting polymer polyaniline.103 Reproduced with permission from ref. 103. Copyright 2018, WILEY-VCH. (c) Doping level and sloping potential profiles of conducting polymer 

OEMs: (c1) typical electrochemical redox process of p-type conducting polymer,138 (Reproduced with permission from ref. 138. Copyright 2013, The Royal Society of Chemistry) and 

(c2) experimental charge/discharge profiles of the polyaniline cathode.166 Reproduced with permission from ref. 166. Copyright 2018, Wiley-VCH. 
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structural units and the type of active anions. The doping 

degree can be estimated by (Px+·xA–)n (0≤x≤1), P and A– 

denotes the repeating structural unit (e.g., aniline group, 

acetylene group) and active anion (e.g., PF6
–, ClO4

–).138 

Generally speaking, conducting polymers with higher doping 

degrees are capable of higher specific capacity. However, the 

high-degree doping process at the neighbor repeating structural 

units causes severe charge repulsion interactions, leading to 

inactive structural units and low reversibility. 86, 138 For example, 

polyacetylene cathode delivered a relatively high coulombic 

efficiency of 65.6% at a doping degree of 0.097. The value 

sharply fell to 35.5% when the doping degree increased to 

0.194.165 Thus, the low doping level (ca. 0.3~0.5) is the main 

reason causing the low specific capacities of conducting 

polymers.86 

Besides, the electrochemical working potentials of 

conjugated conducting polymers present sloping profiles due to 

that the continuously increasing/decreasing doping degrees 

persistently change the equilibrium potentials during 

electrochemical reactions. Fig. 6c1 schematically illustrates a 

typical evolution of electrochemical working potential against 

doping degree for a p-type conductive polymer cathode.138 As 

observed, there is an approximately linear correlation between 

electrochemical working potential and doping degree. Pristine 

conducting polymers are in an intermediate state, which can be 

discharged to a full-reduction state along with decreasing 

working potential and charged to a semi-oxidation state 

followed by increasing working potential. Unfortunately, a full-

oxidation state during the charged process is generally 

inaccessible for conducting polymers because the fully oxidized 

conducting polymers in high potentials usually are unstable and 

tend to induce severe parasitic reactions with electrolyte as 

soon as the electrochemical oxidation process passes through 

the C point, which restricts the practical capacity of conductive 

polymer cathodes. Fig. 6c2 presents a sloping working potential 

profile ranging from 2.0 to 4.0 V as a function of its specific 

capacity in a potassium-based dual-ion battery, in which 

polyaniline serves as the cathode having a p-type reaction of 

PF6
- doping during the charging process.166 Similar sloping 

potential profiles could be observed in other researches.167 

Besides, although the polyaniline cathode has a theoretical 

capacity of 295 mAh g-1 (full-oxidation state), its experimental 

capacity was below 140 mAh g-1 even at an ultralow current 

density of 10 mA g-1. Furthermore, although the capacitive-

controlled response boosts the reaction kinetics, anion dopants 

are inclined to disassociate from conducting polymers in the 

long-term storage period, which will readily cause self-

discharge issues in energy storage systems. 

2.2.5 Radical-based OEMs. The radical polymers with 

pendant free radicals per repeating unit as the redox-active 

centers take advantage of high rate capability and good cycling 

stability. These radical polymers have densely popularized 

unpaired electrons, and their electrochemical redox during the 

charge/discharge process is generally associated with slight 

structure variation and electron rearrangement. There are 

considerable studies that have focused on radical polymers for 

electrode materials since Nakahara et al.33 reported the first 

radical polymer of poly(2,2,6,6-tetramethyl-piperidinyl-1-oxy-4-

yl methacrylate) (PTMA) as a cathode material in the battery 

community (Fig. 7a). Wang et al.91 demonstrated that the 

electrochemical redox reaction mechanism of PTMA was 

dominated by two dual-doping modes of Li+ expulsion and anion 

uptake (Fig. 7b), controlled by the anion type, electrolyte 

concentration and timescale. Besides, among redox-active 

radicals in these radical polymers, nitroxyl groups have 

attracted the most attention, such as nitronyl nitroxide radicals, 

2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO), and 2,2,5,5-

tetramethylpyrrolidin-N-oxyl. In addition, there are also some 

other radicals, including dialkoxyaryl, O-centered phenoxyls and 

galvinoxyls. Although nitroxyl radicals in the neutral state are 

bipolar-type functional groups and can be either oxidized to 

form oxoammonium cations (>3.0 V vs. Li/Li+) or reduced to 

yield aminoxy anions (~2.0 V vs. Li/Li+) based on one-electron 

transfer (Fig. 7c),168 they mainly work as p-type cathode 

materials along with the redox reactions with active anions in 

the electrolyte due to the competitively electrochemical redox 

potentials. 

Despite the insulating feature of their main chains, radical 

polymer electrode materials endow with superior rate 

capability and small voltage polarization, which is probably 

ascribed to the outer-sphere electron self-exchange reaction 

mechanism between adjacent radical redox sites induced by a 

redox gradient-driven electron transport (Fig. 7d1).168 For 

example, PTMA can maintain above 90% capacity retention at 

12 C relative to that at 1.2 C and deliver a stable discharge 

potential plateau of ~3.5 V vs. Li/Li+. Nishide et al.169 reported a 

hydrophilic radical polymer of poly(2,2,6,6-

tetramethylpiperidinyloxy-4-yl vinyl ether) (PTVE) bearing 

pendant TEMPO radicals to sever as a cathode material in an 

aqueous zinc-ion battery, which could present a low 

overpotential of below 0.1 V even at an ultrahigh rate of 60 C 

and simultaneously show relatively stable working voltage 

plateaus. Moreover, radical polymers have also been reported 

as n-type electrode materials such as poly(galvinoxylstyrene) 

(PGVS). Paring PGVS anode with poly(TEMPO-substituted 

norbornene) (PTN) cathode to yield an all-radical polymer 

battery, which can be operated at an extremely high rate of 360 

C (Fig. 7d2).170 Similar to nitroxyl radical polymers, other radical-

based polymers also present the advantage of fast reaction 

kinetics. Besides, Once the electrolyte has been appropriate, 

radical polymers enable excellent cycling stability due to their 

stable polymer structure. PTMA can maintain a stable specific 

capacity without apparent fading for 500 cycles. And another 

radical polymer of poly(2,2,5,5-tetramethyl-3-oxiranyl-3-

pyrrolin-1-oxyl ehtylene oxide) (PTEO) can present extremely 

small electrochemical polarization, an superior rate capability, 

and an excellent long-term cycling performance with no 

substantial capacity decay after 1000 cycles (Fig. 7d3).171 

Nevertheless, the practical application of radical polymer 

electrode materials is still restricted by their low specific 

capacity of below 150 mAh g-1, due to the intrinsic single-

electron redox reaction mechanism and the high large 

molecular mass of these radical polymers. For example, PTMA, 

PTVE, PTEO, PGVS, and PTN have theoretical capacities of 112,  



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 27  

Please do not adjust margins 

Please do not adjust margins 

135, 147, 51, and 109 mAh g-1, respectively.138 It is noteworthy 

that the further improvement of specific capacities is 

considerably challenging for these radical polymers via 

structural optimization. Besides, the intrinsically low 

conductivity of radical polymers generally requires high-ratio 

conductive additives to guarantee the smooth electron transfer 

inside the electrodes, which inevitably imposes a further 

restriction on their full specific capacities.172 

2.2.6 Overlithiated OEMs. Despite OEMs' structural diversity 

and tunability with different electrochemical redox-active 

centers, the large majority cannot deliver a practical capacity of 

over 400 mAh g-1, which renders them insufficient to compete 

with inorganic counterparts.173 Rational molecular engineering 

such as introducing redox-active moiety and conjugated 

structure can increase the specific capacity,73 however, the 

extra weight scarcely ensures a remarkable improvement of 

specific capacity for OEMs. Interestingly, there is another 

classification of OEMs, namely multi-functional overlithiated 

OEMs, enabling overlithiated energy-storage processes due to 

the reversible reduction of their unsaturated C=C or C≡C bonds 

and other redox groups.18, 19, 22, 92, 98, 174-177 The overlithiation 

reactions can greatly boost electron transfer and realize an 

exciting Li/C ratio of 1:1, and the corresponding maximum of 

specific capacity theoretically approximates 2232 mAh g-1. Han 

et al.18 reported an overlithiated behaviour of 1,4,5,8-

naphthalenetetracarboxylic dianhydride (NTCDA) containing a 

naphthalene ring structure (Fig. 8a). The electrochemical Li+-

storage process of NTCDA includes two successive steps. The 

first step is the enolization of four carbonyl groups, and the 

second step is the reversible reduction of unsaturated C=C 

bonds in the NTCDA. The enolization reaction step corresponds 

to a four-electron lithiation process, while the second reduction 

step refers to a 14-electron overlithiation process. Thus, the 

whole lithiation process accompanies by electrochemical 

reduction of 18-electron transfer, which renders the NTCDA a 

high specific capacity of up to ~1800 mAh g-1. He et al.21 

constructed a multi carbonyl polyimide material (PMTA) 

containing six carbonyl groups per repeated unit. On the basis 

of the similar two-step reaction of the enolization of carbonyl 

groups and the overlithiation of unsaturated carbon bonds, 

each unit of the PMTA was subject to a reversible 22-electron 

reduction reaction, which corresponded to a theoretical 

capacity of 1704 mAh g-1. Consequently, the PMTA could deliver 

a high experimental capacity of 1638 mAh g-1. Via a  

Fig. 7 Electrochemical redox mechanism and performance of radical-based OEMs. (a) The typical p-type reaction of radical-based OEMs and corresponding charge/discharge 

profiles.33 Reproduced with permission from ref. 33. Copyright 2002, Elsevier. (b) Different modes of anion doping into radical-based OEMs: three modes of anionic doping in a 

swollen PTMA electrode.91 Reproduced with permission from ref. 91. Copyright 2018, Springer Nature Limited. (c) Working potential and specific capacity of some typical radical-

based OEMs: the energy diagram of p-type (red) and n-type (blue) radical polymers as the map of the redox potentials versus the formula weight-based capacities.168 Reproduced 

with permission from ref. 168. Copyright 2009, WILEY-VCH. (d) Rate capability and cycle performance: (d1) positive charge propagation during the oxidation of p-type radical polymers, 

showing the direction of the charge transport in the slab of the polymer,168 (Reproduced with permission from ref. 168. Copyright 2009, WILEY-VCH), (d2) rate performance of the 

PGVS||PTN battery,170 (Reproduced with permission from ref. 170. Copyright 2009, WILEY-VCH) and (d3) charge/discharge curves and cycle performance of a redox-active nitroxide 

polyether.171 Reproduced with permission from ref. 171. Copyright 2010, American Chemical Society. 
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condensation reaction between 1,4–diaminobenzene and 

1,3,5–benzenetricarboxaldehyde, Lei et al.20 designed a 

covalent organic framework (COF) material anchored at carbon 

nanotube (CNT) to form composite COF@CNTs. It was 

demonstrated that the electrochemical redox reaction involved 

a 14-electron transfer process per repeated unit. The method 

also underwent two steps, individually relating to the lithiation 

of two C=N groups and the overlithiation of unsaturated C6 

rings. The overlithiation reaction included four stages due to 

different free energies (ΔG) at various stages of the lithiated 

COF monomer (Fig. 8b1). Accordingly, the COF in COF@CNTs 

could deliver a high reversible capacity of 1536 mAh g-1 (Fig. 

8b2). 

High specific capacities can also be achieved for the storage 

of Na+ and K+ ions via similar oversodiation and overpotassiation 

of specific OEMs (Fig. 8c).178, 179 Chen et al.178 demonstrated that 

3,4,9,10-perylene–tetracarboxylicacid–dianhydride (PTCDA) 

have the four-electron potassium enolization reaction between 

carbonyl groups and K+ ions, and further undergoes another 

seven-electron transfer process in the overpotassiation 

reaction between K+ ions and unsaturated C6/anhydride rings. 

The whole reduction process of K+ ion storage corresponds to 

11-electron transfer per PTCDA molecule, which experimentally 

bestows the PTCDA with a high specific capacity of 753 mA h g-

1. Similarly, the sodium enolization reaction and successive 

oversodiation reaction of PTCDA could generate Na15PTCDA, 

which involved 15-electron transfer process and delivered a 

high capacity of 1157 mAh g-1.179 Compared with Li24PTCDA,18 

the smaller numbers of inserted Na+ and K+ ions in the same 

molecular structure are probably attributed to the larger ionic 

radius of the latter two.173 

It should be highlighted that functional groups play significant 

roles in the electrochemical processes of overlithiation reaction. 

For example, the aromatic compounds with anhydride groups 

(e.g., PTCDA and NTCDA) can obtain a performance efficiency 

(equal to the ratio of experimental capacity to theoretical 

capacity) of 100 %, while for the counterparts with carbonyl 

groups (e.g., 1,4-naphthoquinone (NQ) and anthraquinone), the 

performance efficiencies locate in the range of 30~40%.18 In 

contrast, these aromatic compounds without anhydride and 

carbonyl groups (e.g., perylene and pyrene) present extremely 

low performance efficiencies of below 25%.18 Because the 

existence of the anhydride groups causes significantly lower 

free energy for Li+ insertion reaction, compared with 

unsubstituted aromatics. Besides, once the sp3 hybridized 

oxygen atoms have been substituted by the carbonyl reduction 

process, there is no presence of the overlithiation reduction of 

unsaturated C=C bonds in diimide derivatives of NTCDA.173 

Furthermore, despite high specific capacities, multi-

functional overlithiated OEMs still suffer from some practical 

Fig. 8 Electrochemical redox process, performance and structural evolution of overlithiated OEMs. (a) Electrochemical redox process:  (a1) the electrochemical insertion of Li ions 

onto NTCDA during the discharge process, (a2) the potential profile of NTCDA during the discharge process, exhibiting five distinct discharge plateaus corresponding to the insertion 

of 1, 2, 4, 8, and 18 Li ions, respectively, and (a3) reaction free energy (ΔG) for lithium addition onto the aromatic rings of NTCDA (red), pyrene (black), and naphthalene (green).18 

Reproduced with permission from ref. 18. Copyright 2012, Wiley-VCH. (b) Specific capacity and structural evolution: (b1) the structural evolution of the COF monomer during the 

lithiation process and (b2) its capacity contribution.20 Reproduced with permission from ref. 20. Copyright 2018, Springer Nature. (c) Oversodiated and overpotassiated OEMs: the 

electrochemical (c1) oversodiation process,179 (Reproduced with permission from ref. 179. Copyright 2014, WILEY-VCH) and (c2) overpotassiation process of PTCDA.178 Reproduced 

with permission from ref. 178. Copyright 2015, Elsevier.
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challenges. The overlithiation/sodiation/potassiation process 

might destroy the crystal structure and thus lead to inferior 

cycling performance and low initial Coulombic efficiency. For 

example, although the oversodiation of PTCDA could form 

Na15PTCDA corresponding to a total specific capacity up to 1017 

mAh g–1, only a charge capacity of 227 mAh g–1 could be 

achieved after five cycles, and the initial Coulombic efficiency 

was ca. 43%.179 In addition, the overlithiation process inevitably 

damages the π-conjugated structure and lowers the 

conductivity, giving rise to high electrochemical polarization. 

Renault et al.173 reported a multi-functional overlithiated OEM 

of dilithium benzenedipropiolate (Li2BDP), which delivered an 

initial specific capacity of 1363 mAh g−1, corresponding to an 

11.5-electron reduction. However, a fast capacity fading could 

be observed in the initial stage, stemming from the intrinsic 

instability and structural damages. Besides, there was a large 

polarization (above 1.0 V) between the charge and discharge 

processes. Therefore, how to surmount these challenges is of 

great significance for the practical application of multi-

functional overlithiated OEMs. 

3. Molecular Engineering of OEMs 

As mentioned above, although OEMs have structural diversity, 

showing different electrochemical properties for energy 

storage applications, they also individually undergo a series of 

challenges such as low output voltage, insufficient capacity, 

poor conductivity, or high solubility. These challenges stem 

from the inherent features of OEMs, including relatively low 

redox potential, the limited number of transfer electrons per 

redox-active center, high solubility, or insufficient electronic 

conductivity, which are remarkably dominated by their 

molecule-level structure and material-level morphology. 

Nevertheless, the molecular tunability bestows OEMs with the 

feasibility of controllably designing their molecular structure, 

targeting these challenges for improvement. This section aims 

to review the sophisticated molecular design strategies, which 

have been regarded as the fundamental approach to tuning the 

electrochemical performance of OEMs. As shown in the overall 

scheme (Fig. 9) for molecular engineering, these strategies 

cover the introduction of functional groups, the rearrangement 

of molecular skeletons, and the polymerization of small 

molecules, etc., dependent on the requirements of OEMs. 

3.1 Specific energy density 

Specific energy density is one of the most critical indexes in 

evaluating the electrochemical performance of energy storage 

devices. The specific energy density (E) is directly proportional 

to the working voltage (V) and specific capacity (C), i.e., E=V×C. 

The theoretical specific capacity (C) of electrode materials can 

be determined by the following formula: C = nF/3.6Mw, where 

n, F and Mw denote the electron transfer number per molecule 

or repeated unit, Faraday constant, and the molecular weight of 

the molecule or repeated unit. Therefore, E= nFV/3.6Mw. 

Theoretically, it is thus clear that rationally tuning the 

electrochemical redox potential of electrode materials and 

designing a molecular structure with high n and low Mw are 

effective approaches to promoting the specific energy densities 

of OEMs. 

3.1.1 Voltage output. The working voltage plays a decisive 

role in the energy density of batteries, which is determined by  

 
Fig. 9 The strategies of the molecular engineering of OEMs for improving specific energy density, rate capability and cycling stability of the corresponding energy storage devices. 
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the difference in redox potentials between anode and cathode 

during charge/discharge processes. Thus, rationally tuning the 

redox potentials of OEMs, i.e., increasing/decreasing the 

electrochemical potential of redox-active centers in organic 

cathodes/anodes, can contribute to an increased energy 

density of batteries. For example, p-type OEMs are generally 

used as cathode materials due to their high redox potentials 

(typically above 3.5 V vs. Li/Li+) during the p-type reactions, e.g., 

conducting polymers, radical polymers and arylamine 

compounds. Unfortunately, despite the higher theoretical 

capacities, n-type OEMs are usually subject to the relatively 

lower redox potentials below 3.0 V vs. Li/Li+ when they work as 

cathodes. Moreover, the redox potentials of these n-type OEMs 

are too high to be applied as anodes. Therefore, the rational 

tuning of n-type OEMs is of great significance according to their 

practical application scenarios in batteries, which can be 

realized by different molecular design strategies such as 

introducing electron-withdrawing/donating groups and 

modulating the conjugation degree. 

The redox potential of OEMs is associated with their 

molecular orbital energy level, which is determined by the 

electron cloud of OEMs.180 Hence, molecule-level adding 

functional groups with electron-withdrawing/donating 

character is an effective approach to modulating the redox 

potential of OEMs. Specifically, electron-withdrawing groups 

(e.g., halogen groups,43, 152, 181-184 cyano group,184-186 

perfluoroalkyl groups,187 sulfonyl group,188, 189 and 

heteroaromatic ring groups190-192 in Fig. 10a-b) are capable of 

tuning the lowest unoccupied molecular orbital (LUMO) and 

thus controlling the reduction potential of OEMs, because 

theoretical computations suggest that the redox potential has a 

linear correlation with LUMO energy (i.e., reduction energy of 

molecules).191, 192 Of course, different redox-active structures 

inherently feature variable distribution of electron clouds, so 

that different molecules comply with diverse linear correlation. 

For example, compared with these common atoms in OEMs, 

halogen groups endow with relatively higher electronegativity, 

i.e., higher electron affinity, which will result in an electron-

withdrawing effect on the electron cloud of redox-active center 

and decrease the LUMO energy level.184 As a result, higher 

redox potential is necessary for the redox-active centers to 

donate electrons. Kim et al.182 introduced halogen groups onto 

1,4-benzoquinone. Due to the highest electronegativity of 

fluorine group among these halogen groups, the redox 

potentials of C=O redox-active centers for Na+-ion storage 

comply with the tendency of C6F4O2 > C6Cl4O2 > C6Br4O2 > 

C6H4O2. As expected, when C6Cl4O2 were applied as the 

cathodes in sodium-ion batteries, it delivered two higher redox 

potential plateaus (2.9 V and 2.6 V vs. Na/Na+) than that of 

C6H4O2 (2.4 V and 2.2 V vs. Na/Na+), and C6F4O2 even achieved 

slightly higher redox potentials.182 Li et al.78 introduced two Br- 

or -NO2 groups into pyrene-4,5,9,10-tetraone (PT), which clearly 

lowered the LUMO energy level (3.86 eV for PT-2Br and 4.52 eV 

for PT-2NO2 vs. -3.56 eV for PT). Banda et al.184 also 

demonstrated that introducing two Br- or cyano groups enabled 

perylene diimide (PDI) to increase reduction potentials from 

2.16 V to 2.27 V and 2.61 V vs. Na/Na+, respectively. The higher 

reduction potential of PDI-CN2 than PDI-Br2 should be 

attributed to the higher electronegativity of the cyano group 

than Br- group. The addition of halogen group and cyano group 

to naphthalene diimide also results in a homologous variation 

in the redox potential.185 Yokoji et al.187 synthesized electron-

deficient benzoquinones (BQs) bearing strongly electron-

withdrawing perfluoroalkyl groups. Compared with the 

electron-rich BQ derivatives such as CH3-BQ (-1.08 V vs. Ag/Ag+), 

these electron-deficient BQ derivatives (e.g., CF3-BQ, Rf4-BQ, 

and Rf6-Cl-BQ) as cathode materials delivered higher redox 

potentials (individually -0.41, -0.38 and -0.26 V vs. Ag/Ag+). 

Moreover, the molecular orbital energy levels can be tuned by 

utilizing electron-deficient/rich aromatic cores.191 Substituting 

one or more carbon atoms in an aromatic ring with 

heteroatoms (e.g., N, S, O) with stronger electronegativity can 

induce nom-uniformity of electron delocalization, which leads 

to the shift of negative charges towards these electron-

withdrawing heteroatoms.193 Liang et al. 191 introduced 

heteroaromatic rings with different heteroatoms of O, S, and N 

in a carbonyl compound of anthraquinone (AQ), individually 

corresponding to benzofuro[5,6-b]furan-4,8-dione (BFFD), 

benzo[1,2-b:4,5-b’]dithiophene-4,8-dione (BDTD), and 

pyrido[3,4-g]isoquinoline-5,10-dione (PID). In comparison to AQ 

(2.27 V vs. Li/Li+), the latter three present increased reduction 

potential by 0.25, 0.34, and 0.44 V. The evolution trend of redox 

potential for the BFFD, BDTB and PID can be ascribed to the 

electron-withdrawing ability of heteroaromatic rings induced by 

the increased electron affinity of O, S, and N heteroatoms. 

Wang et al.83 applied N-containing heterocycles to tune the 

working potential of organodisulfide cathode in lithium-ion 

batteries. Compared with diphenyl disulfide (DPDS), dipyridyl 

disulfides (DpyDSs) derived from the N substitution on the ortho 

or para positions in aromatic rings of DPDS delivered an 

increasing discharge potential plateaus from 2.20 V to 2.45 V. 

Furthermore, after the substitution of nitro groups for N atoms 

on the ortho positions, the obtained 2,20-dipyridyl disulfide-

N,N’-dioxide (DpyDSDO) presented an elevated discharge 

plateaus of 2.80 V. Because the N atom and nitro group have 

electron-withdrawing features, and their introduction reduced 

the LUMO, corresponding to -1.02 and -1.60 eV, respectively. 

In contrast, when n-type OEMs are developed as the anodes 

in batteries, it is favorable to further decrease their redox 

potentials. The introduction of electron-donating groups (e.g., 

amino group,183 alkyl groups,43, 194, 195 methoxy group,195-197 –

OLi,194, 197, 198 and –ONa197, 199 in Fig. 10a) is capable of donating 

extra electron cloud to the redox-active centers in the 

molecular structure of OEMs. Hence, the LUMO energy level of 

these OEMs could be increased and their corresponding redox 

potential could be reduced. For instance, Park et al.183 

substituted one hydrogen in the disodium terephthalate 

(Na2TP) with one amino group to yield a Na2TP derivative of 

NH2-Na2TP, which presented a lower operating potential than 

that of bare Na2TP. Different from the inductive electron-

withdrawing effect exerted by halogen on the conjugated 

carbon backbone, the lone-pair electron of amino group can 

contribute electron density to the conjugated carbon backbone 
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via a π-bond in the corresponding resonance structure. Despite 

the  

electronegative character of the amino group, π-donating effect 

plays a dominant role in the NH2-Na2TP. Consequently, a lower 

redox potential could be achieved for the NH2-Na2TP anode. 

Nishida et al. introduced different functional groups into 

7,7,8,8-tetracyanodimethoquinone (TCNQ), including methyl 

group and F- groups. Compared with the pristine TCNQ, the 

methyl-bearing TCNQ derivative delivered a lower redox 

potential of ~0.1 V.43 Similarly, OLi-form lawsone (2-hydroxy-

1,4-naphthoquinone) produced by the addition of –OLi into 1,4-

naphthoquinone (NQ) presented a lowered reduction potential 

than that of NQ due to the increased electron localization 

destabilizing the elevated LUMO energy.194 

Besides, the number and relative position of electron-

withdrawing/donating functional groups in organic molecules 

are critical for the modulation of their redox potentials.82 For 

instance, an increased redox potential of the C=O redox-active 

centres in 1,4-benzoquinone derivatives can be achieved along 

with the increasing number of halogen groups.182 Similarly, the 

introduction of a pair of F- groups bestowed the TCNQ 

derivative with an increased redox potential by ~0.2 V, for two 

pairs of F- groups, the increased potential value was ~0.3 V.43 As 

shown in Fig. 10b1, theoretical calculations suggest that the 

addition of halogen groups is capable of reducing the LUMO 

energy, and causes a linear downshift of ~0.2 eV per one 

halogen group. Similar to the BQ derivatives bearing halogen 

Fig. 10 Molecular engineering towards the optimization of voltage outputs of OEMs: a) Grafting functional groups: (a1) some typical electron-withdrawing/donating groups for 

elevating/reducing the voltage output, respectively, (a2) calculated redox potential of 9,10-anthracenedicarbonitrile derivatives grafted with different functional groups.82 

Reproduced with permission from ref. 82. Copyright 2019, Elsevier. b) Number and position of functional groups. (b1) LUMO energy levels of C6R4O2 molecules (R = F, Cl, Br) using 

DFT calculations.182 Reproduced with permission from ref. 182. Copyright 2015, American Chemical Society. (b2) Lithiation reaction potentials of anthracene with aromatic groups at 

different positions.200 Reproduced with permission from ref. 200. Copyright 2015, The Royal Society of Chemistry. c) Relative position of redox-active moieties: different voltage 

profiles of Li4-p-DHT and Li4-o-DHT.201 Reproduced with permission from ref. 201. Copyright 2014, American Chemical Society. d) Changing conjugated structures. (d1) Calculated 

LUMO/HOMO energies of BBQ, BBQB, and TBQB.112 Reproduced with permission from ref. 112. Copyright 2020, WILEY-VCH. (d2) Working voltage of OEMs against ΔC2Li.200   

Reproduced with permission from ref. 200. Copyright 2015, The Royal Society of Chemistry. e) Cation substitution: correlation between both the antisymmetric vibrational modes 

of the carboxylate functional groups, νas(COO−), and the average operating potential against the ionic potential of Mn+.108 Reproduced with permission from ref. 108. Copyright 2018, 

Springer Nature. 
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groups, the PDI derivatives decorated with Br- groups presented 

an elevating reduction potential with an increasing number of 

Br- groups from 2 to 4. A large number of the Br- group could 

bring about an enhancing structural twist of the PDI-derivative 

molecule. Such a change in molecular structure can alleviate the 

increasing electrostatic repulsion inside the molecules, 

interestingly, which also allows controlling their discharge 

potential profile.184 In the case of the relative position of 

functional groups, the different position has an influence on the 

distribution of electron cloud of redox-active center moieties. 

Theoretical calculation suggested that different positions of 

aromatic functional groups could change the lithiation reaction 

potential of anthracene (Fig. 10b2).200 The relative position of 

redox-active moieties can affect the electrochemical redox 

potential of OEMs. Taking the lithiated dihydroxyterephthaloyl 

derivatives for instance, a positive shift of operating potential 

(~300 mV) could be observed for when the location of their 

active groups transform from para- (2.55 V vs. Li/Li+ for Li4-p-

DHT) to ortho-positioned structure (2.85 V vs. Li/Li+ for Li4-o-

DHT) (Fig. 10c).201 Patil et al. also reported a similar position 

shift of redox potential for para-quinone groups and ortho-

counterparts in a single-ion conducting redox-active polymer 

cathode.202 These phenomena are associated with the intrinsic 

electrostatic interaction between O atoms in the different 

regioisomers. During the charging process, a closer distance 

between O atoms in the delithiated ortho-positioned structure 

gives rise to the destabilization of the molecular structures and 

thus increases their operating potentials. Jung et al.82 

comprehensively studied the effects of introducing different 

functional groups on the redox potential of two representative 

organic classes of carbonitriles and quinones, and emphasized 

the importance of their relative electron-withdrawing strength 

on tuning redox potential. 

Furthermore, conjugated structures play a critical role in the 

electrochemical performance of OEMs. As mentioned 

previously, the molecular structures of OEMs generally contain 

one or multiple conjugated structures, and even the conjugated 

effect is the prerequisite to realize the good reversibility and 

stability of electrochemical energy storage properties of OEMs. 

Because conjugated moieties in molecular structures are prone 

to promote the delocation of electrons via π-π orbital 

interaction induced by the redonance effect. Many works have 

analyzed the effect of tuning conjugated structures on the 

output potentials of OEMs, covering extending conjugation 

length, relocating conjugation moiety, and utilizing the different 

conjugated structures. For instance, Nishida et al.43 elongated 

the π-conjugated motif to decrease the on-site coulombic 

repulsion inside TCNQ derivatives. Compared with the pristine 

TCNQ with two plateau voltages of 3.2 V/2.6 V, the addition of 

the π-extended structure reduced the gaps between two 

plateau voltages of TCNQ derivatives (3.1/2.8 V for 9,9,10,10-

tetracyano-2,6-naphthoquinodimethane (TNAP)), and more 

extension could cause a smaller plateau gap (2.8/2.7 V for 

11,11,12,12-tetracyano-2,6-anthraquinodimethane (TANT)). 

Because the larger conjugation could cause a lower bandgap.203 

Via the alteration of aromatic systems, Wang et al.204 tuned the 

conjugated backbone of a series of dianhydride-based 

polyimides (PIs), including pyromellitic dianhydride (PMDA), 

1,4,5,8-naphthalene-tetracarboxylic dianhydride (NTCDA), and 

perylene 3,4,9,10-tetracarboxylic dianhydride (PTCDA). Their 

individual average discharge potentials are 1.73, 1.89, and 1.94 

V vs. Na/Na+, respectively, which is mainly ascribed to that the 

variation in conjugated aromatic systems reduces the LUMO 

energy level from PMDA to NTCDA and PTCDA –based PIs, and 

thus increase the average discharge potential. Luo et al.116 

added four phthalimide (C8H4NO-) groups into BQ molecular to 

produce 2,3,5,6-tetraphthalimido-1,4-benzoquinone (TPB), 

where four aromatic rigid phthalimide groups grafted 

symmetrically at the BQ framework. The introduction of 

phthalimide groups with a conjugated structure can lower the 

LUMO of the BQ molecule. As a result, the TPB with an 

enhanced structural conjugation delivered a high discharge 

potential of 3.05 V. Yang et al.112 introduced a benzene ring to 

extend the conjugated structure of BQ derivatives (2,2′-bis-p-

benzoquinone, BBQ), and resultantly to form 1,4-bis(p-

benzoquinonyl)benzene (BBQB) and 1,3,5-tris(p-

benzoquinonyl)benzene (TBQB) (Fig. 10d1). The extension of 

conjugated structure reduces average discharge potentials 

(2.92 V for BBQ, 2.61 V and 2.82 V for BBQB and TBQB, 

respectively) and lowered the corresponding gap between two 

plateau potentials, due to the increased LUMO energy levels (-

3.86, -3.64, and -3.68 eV for BBQ, BBQB, and TBQB, 

respectively) and the reduced energy gaps (3.43 eV for BBQ, 

3.13 eV for BBQB and 3.33 eV for TBQB, respectively). The 

slightly lower LUMO energy level and larger energy gap of TBQB 

can be attributed to the electron-donating effect of the 

conjugated aromatic ring shared by three BQ units in TBQB, 

instead of two in BBQB. In contrast, Nokami et al.37 applied 

more conjugated aromatic rings to add extra π-bonds in 

molecules, including benzocyclobutenedione (BBD), 

acenaphthenequinone (ANQ), and pyrene-4,5-dione (PYD). 

Along with the increased conjugated aromatic rings, BBD, ANQ 

and PYD delivered an increased reduction peak potential. Liang 

et al.190 designed a series of conjugated carbonyl compounds by 

embedding pre-aromatic 1,2-dicarbonyl moieties in different 

extended conjugated structures, which realized the efficient 

regulation of LUMO energy level. Experimental and theoretical 

analyses indicated that the average operating potentials had 

excellent linear dependence on the LUMO energy level. 

Theoretical computations further suggest that conjugated 

structures play a crucial role in tuning redox potentials.200 For 

carbonyl-containing polycyclic aromatic hydrocarbons, carbonyl 

groups are tightly attached to aromatic carbon skeletons, the 

conjugation effect boosts the electron delocation in the whole 

molecular structure. The correlation between the electron 

delocalization (aromaticity) and the operating potential follows 

Clar's aromatic sextet theory, which can be evaluated by an 

index, ΔC2Li = ΔC/(0.5×ΔLi), where ΔC2Li denotes the average 

change of Clar sextet numbers accompanying with the insertion 

of two Li atoms, ΔC and ΔLi individually represent the changes 

in the number of Clar sextets and inserted Li+ ions during 

lithiation process. The molecules with a higher ΔC2Li generally 

have a higher redox potential (Fig. 10d2). 
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It has also been demonstrated that the cation substitution is 

capable of tuning the redox potential of carboxyphenolate-

based OEMs. Jouhara et al.108 substituted Mg2+, Ca2+, and Ba2+ 

cations for partial Li+ ions in dilithium (2,5-dilithium-oxy)-

terephthalate (Li4-p-DHT), which enabled to deliver redox 

potentials of 3.4, 2.9 and 2.45 V vs. Li/Li+, respectively, distinct 

from that of Li4-p-DHT (2.55 V vs. Li/Li+). Because the 

substitution of cations in the host structure is conducive to 

modulating inductive effects in the redox-active organic 

skeleton involving electronic charge perturbation. Compared 

with Ca2+ and Ba2+, the Mg2+ substitution allows a higher 

potential gain of about +800 mV, which can be ascribed to its 

stronger interaction with carboxylate anions and thus boost the 

stabilization of the aromatic structure. It is also suggested that 

there is an approximately linear correlation between the 

average operating potential and the ionic potential of 

substitution cations (Fig. 10e). 

3.1.2 Electron transfer number. Increasing the number of 

redox-active centers in the structural units is a promising 

approach to increasing the electron transfer number of OEMs. 

BQ is a typical carbonyl compound and bears two redox-active 

groups of C=O, which can deliver a theoretical capacity of 496 

mAh g-1. When four more redox-active groups of C=O are 

introduced to yield a cyclohexanehexone (C6O6), its theoretical 

specific capacity is as high as 957 mAh g-1 (Fig. 11a).16 Similarly, 

compared with dipotassium terephthalate (K2TP) with two 

redox-active groups of -COOK,63 tetrapotassium pyromellitic 

(K4PM) with four –COOK groups74 could present higher specific 

capacity. The extra addition of some redox-active centers will 

inevitably increase the molar mass of molecules and hence limit 

the increment of the specific energy density. 

Besides, it is another feasible method to enhance the 

electron-accommodating ability of redox-active centers. Zhao 

et al.205 replaced the O atoms with S atoms in the carboxylate  

 

Fig. 11 Tuning electron transfer number of OEMs: a) Increasing the number of redox-active centers, e.g., electrochemical redox mechanisms of BQ and C6O6, their theoretical 

capacities are 496 and 957 mA h g-1.16 Reproduced with permission from ref. 16. Copyright 2019, Wiley-VCH. b) Enhancing the electron-accommodating ability of redox-active 

centers, e.g., Schematic illustration of sulfur doping into the Na2TP anode.205 Reproduced with permission from ref. 205. Copyright 2017, Wiley-VCH. (c) Introducing other redox-

active centers: reversible electrochemical redox mechanism of TPB/Li6TPB (TPB MW=689 g mol-1, theoretical specific capacity=233 mAh g-1).116 Reproduced with permission from ref. 

116. Copyright 2017, Wiley-VCH. d) Dependence of specific capacity on molecular weight: chemical structure of some quinones and their reduction potential and theoretical capacity 

based on one-carbonyl one-electron reduction.195 Reproduced with permission from ref. 195. Copyright 2017, Macmillan Publishers Limited, part of Springer Nature. e) The influence 

of phase transformation on the de/sodiation mechanism of Na2C6O6.109 Reproduced with permission from ref. 109. Copyright 2017, Macmillan Publishers Limited, part of Springer 

Nature. 
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groups of Na2TP to produce sulfur-containing sodium salts such 

as sodium tetrathioterephthalate. Different from the redox 

reaction mechanism of Na2TP only involving the storage of Na+ 

ions at redox-active carboxylate groups, sodium 

tetrathioterephthalate is capable of accommodating six 

electrons per molecule at thiocarboxylate groups and on both 

sides of the benzene ring (Fig. 11b). Because the sulfur-

substituted structure has a much higher electron density, which 

is conducive to improving the electron dislocation and thus 

promoting the electron transfer. Such a molecular design could 

remarkably increase the theoretical capacity from 255 mAh g-1 

for Na2TP to 586 mAh g-1 for sodium tetrathioterephthalate. It 

follows that the rational design of molecular structure can affect 

the number of the transferred electrons per structural unit and 

thus promote the specific capacity of OEMs. 

Moreover, grafting redox-active functional groups is able to 

increase redox-active centers, but also usually raise the 

molecular weight of the whole structure unit. For example, the 

phthalimide group endows with two electrochemically redox-

active carbonyl groups (-C=O).116 As mentioned above, TPB with 

a BQ framework grafting with four aromatic rigid phthalimide 

groups has ten redox-active carbonyl sites, much higher than 

two of pristine BQ. However, the TPB has a lower theoretical 

specific capacity of 233 mAh g-1 (vs. 496 mAh g-1 for BQ), due to 

the addition of extra molecular weight (689 g mol-1 for TPB vs. 

108 g mol-1 for BQ) and the possible Steric effects inhibiting the 

accessibility of some redox-active sites (Fig. 11c). 

3.1.3 Specific capacity. In addition to the electron transfer 

number, the specific energy density of batteries is also 

associated with the specific capacity involving the molecular 

weight of molecule or repeated unit. Although the introduction 

of redox-inactive functional groups (e.g., halogen groups and 

alkyl groups) or conjugation moieties is beneficial to tune the 

redox potentials of OEMs, it causes the increment of molecular 

weight and thus inevitably compromises their theoretical 

specific capacity. For example, similar to BQ, 2,5-dihydroxy-1,4-

benzoquinone (DHBQ), naphthoquinone (NQ), 2,3,5,6-

tetramethyl-1,4-benzoquinone (TMBQ), 2,5-dimethoxy-1,4-

benzoquinone (DMBQ) and AQ undergo a two-electron transfer 

process per one molecule in the n-type reaction. However, the 

increasing molecular weight results in a decreasing theoretical 

specific capacity (Fig. 11d).195 Similar phenomena are the same 

with dianhydrides of PMDA (246 mAh g-1), NTCDA (200 mAh g-

1), and PTCDA (137 mAh g-1) on the basis of theoretical two-

electron transfer per molecule. Therefore, it is crucial for OEMs 

to reduce the unnecessary structural moieties in the molecule 

structures. 

Besides, the practical specific capacity of OEMs not only relies 

on the theoretical value, but also depends on the phase 

transformation, the morphology and conductivity of the 

electrode, electrolyte. Herein, we mainly focus on the intrinsic 

nature of OEMs. Disodium rhodizonate (Na2C6O6) endows with 

a high theoretical specific capacity of 501 mAh g−1 via four-

electron redox chemistry. However, it generally delivers a much 

lower practical capacity after the first cycle. Lee et al.109 

demonstrated that the irreversible transformation from α-

phase to γ-phase deteriorated the redox activity of Na2C6O6, 

which lead to its low practical, specific capacity. Combining 

rational designs of active-particle size, electrolyte conditions, 

and cutoff potentials enabled enhanced reversibility of 

transformingα-phase to γ-phase of the Na2C6O6 (Fig. 11e), and 

thus promoted the practical capacity up to 484 mAh g-1, 

approximating its theoretical capacity. Walter et al.89 

introduced -NO2 groups into polypyrene cathode, yielding a 

poly(nitropyrene-co-pyrene) cathode material. Although such a 

design scarcely impacts the redox potential, a resultantly 

structural difference is likely to cause a higher fraction of active 

poly(nitropyrene-co-pyrene) cathode material than polypyrene. 

Hence, the poly(nitropyrene-co-pyrene) cathode delivered a 

superior specific capacity (100 mAh g−1) to that of polypyrene 

(~70 mAh g−1) for the storage of aluminium tetrachloride anions 

(AlCl4−). 

3.2 Rate capability 

Power density is a crucial factor in comprehensively evaluating 

the electrochemical properties of a battery system, which is not 

only determined by the output voltage, but also depends on the 

rate capability of batteries. In practical applications, it is 

favorable that the energy capacity of the battery system can be 

charged to 80% within 15 min,60 as a result, the pursuit of a high 

rate capability is of great significance for electrode materials. 

However, OEMs generally have some intrinsic deficiencies, such 

as low electronic conductivity (especially for small-molecule 

OEMs), which limits their rate capability, so that it is necessary 

to add high-fraction redox-inactive conductive additives in the 

electrodes. The availability of high rate capability requires OEMs 

with high conductivity, fast redox-reaction kinetics, and small 

active-particle size.172 Herein, this section pays attention to 

reviewing the molecular design strategies towards improving 

the rate capability of OEMs. 

The rate capability of OEMs is strongly dependent on their 

intrinsic conductivity, directly pertinent to the bandgap 

between LUMO and the highest occupied molecular orbital 

(HOMO) energy levels. As mentioned previously, introducing 

functional groups is a feasible approach to tuning molecular 

orbital energy levels. Lee et al.206 added two amino groups into 

naphthoquinone (NQ) to yield 2,3-diamino-1,4naphthoquinone 

(DANQ) via a simple molecular substitution. Compared with NQ 

(3.95 eV), DANQ endows with a much lower bandgap of 2.74 eV 

(Fig. 12a). Because the introduction of the strong electron-

donating amino groups significantly causes the destabilization 

of the HOMO energy level and reduces the corresponding 

bandgap. The low bandgap facilitates the fast electron/Li+ 

transfer and boosts the rate capability of the DANQ cathode. 

Lee et al.194 introduced different functional groups into NQ 

molecules. Compared with –CH3 and –OH groups, the –OLi 

group bestow the molecule (OLi-form lawsone) with a smaller 

HOMO–LUMO band gap (2.82 eV) than pristine NQ (4.01), 

lawsone (3.81 eV) and menadione (4.02). When used as the 

cathode in lithium-ion batteries, the OLi-form lawsone presents 

great superiority of rate capability over others. In addition, the 

introduction of two –COONa groups into azobenzene (AB) has 

been demonstrated to clearly reduce the bandgap. When used  
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as the cathode for sodium-ion batteries, the formed 

azobenzene-4,4’-dicarboxylic acid sodium salt (ADASS) 

demonstrated a much superior rate performance up to 40 C.88 

Besides, the addition of conductive units could effectively 

facilitate the electron transfer inside the active materials and 

thus enhance high rate capability. For example, considering that 

n-doped poly((N,N ′ -bis(2-octyldodecyl)-1,4,5,8-

naphthalenedicarboximide-2,6-diyl)-alt-5,5 ′ -(2,2 ′ -(1,2-et-

hanediyl)bithiophene)) (P(NDI2ODTET)) polymer has an 

insulated backbone, Liang et al.207 added π-conjugation units as 

the conductive backbones into the polymer and produced a n-

dopable π-conjugated redox polymer (poly((N,N′-bis(2-

octyldodecyl)-1,4,5,8-naphthalene-dicarboximide-2,6-diyl)-alt-

5,5′-(2,2′-bithiophene), P(NDI2OD-T2)), in which the linear π-

conjugated backbone with an alternating 

naphthalene−bithiophene structure could provide an electron-

Fig. 12 Molecular engineering towards the high rate capability of OEMs. a) Introducing functional groups e.g., HOMO/LUMO energy diagrams of the DANQ and IMNQ, compared to 

those of various NQ-derivatives.206 Reproduced with permission from ref. 206. Copyright 2016, American Chemical Society. b) Adding conductive units via combining defined redox 

centers, as present in aliphatic redox polymers, with a conjugated polymer backbone leads to π-conjugated redox polymers with well-defined oxidation potentials and hole transport 

along the polymer backbone.208 Reproduced with permission from ref. 208. Copyright 2019, WILEY-VCH. c) Extending π-conjugated structures, e.g., chemical structures and energy 

diagrams of quinoxaline and its derivatives.80 Reproduced with permission from ref. 80. Copyright 2017, Macmillan Publishers Limited, part of Springer Nature. d) Introducing non-

conjugated structures, e.g., schematic chemical structures, molecular geometry molecular orbitals, synthetic routes and possible storage mechanisms of the designed UP and OAP, 

with non-conjugated ketone linkages.211 Reproduced with permission from ref. 211. Copyright 2020, The Royal Society of Chemistry. e) Substitution of metal cations, calculated 

lattice structures for Li2TP/lithiated Li2TP and K2TP/lithiated K2TP, respectively.213 Reproduced with permission from ref. 213. Copyright 2016, Elsevier. f) Increasing surface area of 

active materials, e.g., the possible charge/discharge process of the microporous organic polymer.155 Reproduced with permission from ref. 155. Copyright 2016, Elsevier. g) 

Developing organic charge-transfer complexes, e.g., (g1) the donor band structure (blue), acceptor band structure (red), and an approximation of the CT band structure (yellow).215 

Reproduced with permission from ref. 215. Copyright 2014, The Royal Society of Chemistry. (g2) Conceptual diagram, brief structural description, and schematic working principles 

of the OCTC PNZ–TCNQ, and (g3) electronic conductivities of representative inorganic and organic redox-active species and OCTCs.216 Reproduced with permission from ref. 216. 

Copyright 2019, Elsevier.



ARTICLE Journal Name 

36 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

transfer path, and naphthalene dicarboximide (NDI) units with 

a reversible two-electron reaction activity allowed a high n-

doping level. Such a molecular design bestowed P(NDI2OD-T2) 

with remarkably enhanced electronic conductivity of 10-3 S cm-

1 (vs. 10-7 S cm-1) at dopant ratios of above 15 mol.%, which 

resultantly brought about an excellent rate capability of 

delivering 95 % theoretical capacity at 100 C (72 s per cycle). 

Similarly, Acker et al.208 designed π-conjugated redox polymers 

via combining aliphatic redox polymers and conducting 

polymers (Fig. 12b), in which the rational selection of 

phenothiazine as a redox-active group and bithiophene as a co-

monomer enabled an ultra-high rate capability up to 100 C. 

However, the introduction of conductive units generally 

increases the molecular weight so that a lowered specific 

capacity can be delivered. 

The presence of π-conjugated structures directly links to the 

rearrangement of electron clouds in OEMs. Extending π-

conjugated structures is capable of strengthening the 

intermolecular interactions (e.g., π−π or C−H···π interactions) 

and enhancing the electron-transfer kinetics.209 For example, 

due to the extended π-conjugated systems, fused N-

heteroaromatic diquinoxalinylene (2Q) and triquinoxalinylene 

(3Q) present much lower band gaps (Fig. 12c), individually 

corresponding to 3.39 eV and 3.66 eV, compared to quinoxaline 

(4.65 eV), indicating that the former two have higher intrinsic 

electronic conductivities than that of quinoxaline. Hence, 2Q 

and 3Q could deliver excellent rate capabilities of up to 20 C 

with ~60 % capacity retention.80 Similarly, Wang et al.209 

demonstrated that the extension of the π-conjugated system is 

a promising approach to enhancing the rate capability of OEMs. 

In their work, the π-conjugated system of Na2TP was extended 

using a C=C bond as the linkage to form sodium 4,4′-stilbene-

dicarboxylate (SSDC). Compared with Na2TP, SSDC remarkably 

showed a smaller energy gap of 3.49 eV (vs. 4.18 eV for Na2TP), 

implying a higher electronic conductivity, stronger 

intermolecular interactions, and faster charge transfer. When 

worked as the cathode of sodium-ion batteries, SSDC could 

deliver a high rate capability up to 10 A g-1. Besides, Xu et al.210 

demonstrated that branched conjugated polymers (BCPs) had 

extra advantages over linear conjugated polymers (LCPs), 

because the branched conjugated structure with regionally 

regular pores facilitated the electrolyte infiltration and ionic 

transfer, contributing to an excellent rate capability. 

In addition, the influence of introducing non-conjugated 

structures on electrochemical performance has always been 

neglected. Gao et al.211 applied electrochemical inactive non-

conjugated diketone as a linkage to construct an OEM of 

perylenediimide (PDI)-based polyimides (OAP) (Fig. 12d). The 

theoretical calculation suggested that the diketone linkage in 

OAP had lower absorption energy with Na+ ions (-3.38 eV) than 

that of the counterpart in the reference sample (UP) (-3.17 eV) 

using single carbonyl group as the linkage, which indicated that 

the former promoted the adsorption of Na+ ions and bestowed 

the OAP in a discharged state with higher stability, compared 

with the latter. Because there was a shorter distance between 

Na+ ions and O atoms in the diketone moieties of OAP (~3.07 Å) 

than that of UP (~3.7 Å), OAP showed a superior rate capability 

than UP. 

The tunability of rate capability can also be realized by the 

substitution of metal cations. Xue et al.212 substituted Ag+ for Li+ 

in lithium terephthalate (Li2TP) molecule, in which Ag+ could be 

in-situ converted into conductive Ag particles residing in the 

electroactive terephthalate moiety, due to the high redox 

potential of Ag+/Ag (0.799 V vs. standard hydrogen electrode). 

The obtained silver terephthalate (Ag2TP) presented 

satisfactory rate capability in Li-ion and Na-ion batteries. The 

same group213 also studied the effect of K+ cation substitution 

on the Li2TP cathode (Fig. 12e). It has been demonstrated that 

the larger radius of K+ ion bestows the potassium terephthalate 

(K2TP) with a more stable lattice structure. Besides, the K-O 

bond is more ionic, while the Li-O counterpart features more 

covalent character. When both were separately applied to serve 

as the cathode in Li-ion batteries, the K2TP showed a superior 

rate capability to the Li2TP. 

In addition, the increase of the surface area of active 

materials is beneficial to the contact area between active 

materials and electrolyte, and boosting the ionic transfer 

kinetics. Zhang et al.155 synthesized a series of microporous 

organic polymers (i.e., OPTPA, SPTPA and YPTPA) with the same 

redox-active triphenylamine units for lithium-ion batteries via 

different molecular designs. Compared to the OPTPA with 

relatively low surface area (66 m2 g-1), SPTPA and YPTPA with a 

higher surface area of 544 and 1557 m2 g-1, respectively, 

showed much better rate performance. Both SPTPA and YPTPA 

could maintain no capacity fading even at 2 A g-1, in comparison 

to that at 0.05 A g-1, which was mainly attributed to that the 

higher surface area allows the active materials to have full 

contact with the electrolyte and shorten the paths of Li+ ion 

diffusion (Fig. 12f). Similarly, Molina et al.214 designed a new 

microporous anthraquinone-based conjugated polymer 

cathode with an ultrahigh specific surface area of 2200 m2 g−1 

via a two-step pathway combining miniemulsion and 

solvothermal methods, containing redox-active anthraquinone 

moiety and inactive 1,3,5-triethynylbenzene moiety. This design 

of the molecular structure has significantly enhanced the cycling 

performance and rate capability, but compromised the specific 

capacity. This is because the material with such a high surface 

area will inevitably lower the tap density. 

Developing organic charge-transfer (CT) complexes has been 

proved to be an efficient method to tune the energy band gap 

involving the donor (D) and acceptor (A) band structures and 

thus improve the rate capability of OEMs. As shown in Fig. 12g1, 

ID and EA denote the ionization potential of the donor and the 

electron affinity of the acceptor, respectively. It has been 

indicated that the HOMO of CT complexes is mainly dominated 

by the HOMO of the donor, while their LUMO is strongly 

dependent on the LUMO of the acceptor. Hence, the energy 

band structure can be effectively modulated by the rational 

selection of donor and acceptor units.215 Lee et al.216 designed 

two CT complexes of phenazine–7,7,8,8-

tetracyanoquinodimethane (PNZ–TCNQ) and dibenzo-1,4-

dioxin–7,7,8,8-tetracyano-quinodimethane (DD–TCNQ) via self-

anchoring two types of constituents (Fig. 12g2), 7,7,8,8-
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tetracyanoquinodimethane (TCNQ) and phenazine (PNZ)/ 

dibenzo-1,4-dioxin (DD)). The molecule coups in the CT 

complexes originating from electron-donating and –accepting 

molecules were bound to each other. The interlayered π–π 

interaction could produce dense electron cloud, which was 

beneficial to boost the electronic conductivities by orders-of-

magnitude enhancement (Fig. 12g3). Both CT complexes 

present excellent rate capabilities of ~73% capacity retention at 

0.5 A g-1 for PNZ–TCNQ and ~76% capacity retention at 1 A g-1 

for DD–TCNQ (vs. that at 0.05 A g-1). 

3.3 Cycle performance 

The operational lifespan is a vital parameter to assess the whole 

performance of batteries for practical applications. However, 

the cycling performance of OEMs, particularly small-molecule 

organics, is generally restricted by the inherent solubility of 

these OMEs or their redox-reaction products in electrolytes. 

Thus, how to surmount the challenge of solubility has been 

regarded as one of the research hotspots of OEMs. Besides, for 

different OEMs, the insufficient reversibility of electrochemical 

redox reactions, volume variation, structural change, etc., are 

also some underlying factors affecting the cycling 

performance.60 Aiming at improving the cycling performance, 

different Molecular engineering strategies have been proposed 

to address these aforementioned issues. 

According to the rule of the likes dissolve each other, 

changing the similarity in polarity is beneficial to reduce the 

solubility of OEMs in electrolytes. Grafting functional groups (-

COOLi, -SO3Na, -OLi, -ONa, and -COOK, etc.) with high polarity 

on organic molecules enables OEMs to increase the molecular 

polarity. Thus, such a molecular design contributes to restrict 

their solubility in aprotic electrolytes and enhance the cycling 

performance. Shimizu et al.217 introduced two –COOLi groups 

into quinones and produced different quinone derivatives of 

2,6-bis(lithiooxycarbonyl)-9,10-anthraquinone (LCAQ), 2,7-

bis(lithiooxycarbonyl)-9,10-phenanthrene quinone (LCPQ), and 

2,7-bis(lithiooxycarbonyl)pyrene-4,5,9,10-tetraone (LCPYT). 

The introduction of –COOLi groups was conductive to enhancing 

intermolecular interactions and thus limiting the dissolution, 

which remarkably boosted the cycling performance (Fig. 13a1). 

Similarly, the introduction of -OLi groups could inhibit the 

solubility of poly(2,5-dihydroxy-p-benzoquinonyl sulfide) 

(PDHBQS).218 The formed lithium salt of PDHBQS (Li2PDHBQS) 

endowed with high cycling stability up to 1500 cycles with 

retaining 90% capacity, which was ascribed to that the 

synergistic effect of the O···Li···O coordination bond and high 

molecular weight gave rise to the insolubility of Li2PDHBQS. Luo 

et al.88 compared the electrochemical performance of three 

types of organic compounds, including AB, 4-

(phenylazo)benzoic acid sodium salt (PBASS), and ADASS for 

sodium-ion batteries. In order to suppress the high solubility of 

AB, one/two -COONa groups were introduced to form 

PBASS/ADASS. Compared with AB and PBASS, ADASS presented 

the lowest solubility in the applied electrolyte and resultantly 

showed the best cycling stability. Deng et al. demonstrated that 

the K2TP cathode produced by the substitution of –COOK for –

COOLi in Li2TP molecule could greatly enhance the dissolution 

resistance of the cathode and promote the cycling stability due 

to its higher polarity induced by ionic K-O bond in K2TP than Li-

O bond in Li2TP.213 Besides, –SO3Na groups were introduced to 

inhibit the dissolution of pristine AQ, which resultantly 

enhanced the cycling performance of SO3Na-substituted AQ 

(AQS).188 

Structural stability also plays a significant role in determining 

the cycling capability of OEMs. Introducing functional groups 

have been proved to be an effective method to enhance the 

structural stability of OEMs. For example, BQ is generally 

subject to serious dissolution issues in an electrolyte. Yokoji et 

al.219 introduced alkyl groups with various degrees of bulkiness 

to the BQ skeleton, which resulted in enhancing cyclabilities 

along with the increasing bulky degree of substituted alkyl 

groups. Because the presence of bulky substituents effectively 

protects the reactive BQ anion radical and suppresses side 

reactions. Besides, the BQ derivative bearing methoxy group 

has also been demonstrated to present better cycling 

performance than that of pristine BQ, because the π–π 

interaction and hydrogen bonding limited the solubility.196 

Besides, different from phenazine (PNZ) with a solubility of ~125 

mg mL-1, the presence of amino groups in 2,3-

diaminophenazine (DAP) contributed to the suppression (<2 mg 

mL-1) of its dissolution problem in the aprotic electrolyte, and 

thus to enhance the cycling performance (Fig. 13a2).148 The 

introduction of ring-type functional groups is also beneficial to 

enhance the structural stability and the cycling performance of 

OEMs.191 

The heteroatomic introduction in phenyl rings is also capable 

of tuning the solubility of OEMs. The organodisulfides such as 

DPDS are generally subject to high solubility in electrolytes.83 

The N substitution on the ortho position (ortho-N) in the phenyl 

rings greatly enhanced the cycling performance of DPDS. In 

contrast, the similar N substitution on the para position (para-

N) delivered a poor cycling performance similar to that of DPDS. 

The ortho-N enables strong interaction among N atom with a 

lone pair of electrons, S atom with a negative charge, and Li ions 

in lithium pyridine-2-thiolate via a tight cluster structure of 

N···Li···S bridges, due to the short distance between N and S 

atoms. However, the para-N atoms are remote from these Li 

and S atoms in lithium pyridine-4-thiolate. The unique 

molecular structure of 2,2’-dipyridyl disulfide (2,2’-DpyDS) with 

ortho-N substitution leads to a reduced solubility in electrolyte 

and resultantly an enhanced cycling performance of 500 cycles 

with 69% capacity retention, superior to DSDP (100 cycles with 

57% capacity retention) and 4,4’-DpyDS (100 cycles with 57% 

capacity retention) (Fig. 13b).83 

Although the introduction of some specific functional groups 

is beneficial to boost the cycling performance of OEMs, the 

addition of extra mass can cause their lowered specific 

capacities. Alternatively, di-/tri-meric oligomers based on small-

molecule OEMs have been exploited to reduce their solubility 

and enhance their structural stability without comprising their 

specific capacity. In order to overcome the dissolution problem 

of BQ, Yokoji et al.197 synthesized a dimeric BQ derivative of 2,2’-

bis-p-benzoquinone (BBQ), which presented great superiority  
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of cycling performance over BQ. Because similar to other 

functional groups, one BQ unit in BBQ molecules could serve as 

a protective substitute to prevent the singly occupied molecular 

orbital (SOMO) of another BQ anion radicals from the approach 

of other molecules. Peng et al.80 designed a trimeric 3Q cathode 

by fusing quinoxaline building blocks. The trimerization 

extended the π-conjugated structure and bestowed the 3Q 

molecule with enhanced structural stability, compared to 

quinoxaline. The molecular design enabled the 3Q cathode 

material to deliver an excellent cycling performance of over 

10,000 cycles (Fig. 13c). Similarly, Hu et al.124 designed a novel 

organic oligomer of PTCDI-DAQ by hybridizing one perylene-

3,4,9,10-tetracarboxydiimide (PTCDI) moiety and two AQ 

moieties. The increased molecular weight bestows the PTCDI-

DAQ cathode with poor solubility in electrolytes and 

meanwhile, each moiety can maintain its intrinsic redox activity. 

Fig. 13 Molecular engineering towards high cycling stability of OEMs. (a) Grafting functional groups, e.g., (a1) molecular structures of quinones and LC-quinones with high-polarity 

functional groups, and corresponding cycling performance.217 Reproduced with permission from ref. 217. Copyright 2014, Elsevier. (a2) Electron density map of optimized structures 

of PNZ and DAP, and their solubility in the solvent.148 Reproduced with permission from ref. 148. Copyright 2017, The Royal Society of Chemistry. (b) Introducing heteroatoms in 

phenyl rings, e.g., electrochemical behavior summary of DPDS, 2,2’-DpyDS, 4,4’-DpyDS, and DpyDSDO.83 Reproduced with permission from ref. 83. Copyright 2019, The Royal Society 

of Chemistry. (c) Designing di-/trimeric oligomers, i.e., π-conjugated heteroaromatic molecules of 2Q and 3Q, and the lithiation mechanism and the cycling performance of 3Q.80 

Reproduced with permission from ref. 80. Copyright 2017, Macmillan Publishers Limited, part of Springer Nature. (d1) Polymerization of small-molecule OEMs, e.g., molecular 

structures with different extended π-conjugated systems from BQ and AQ to PT, and poly(benzoquinone sulfide) (PBQS) and poly(anthraquinone sulfide) (PAQS) to PPTS, and the 

comparison of their cycling performances.221 Reproduced with permission from ref. 221. Copyright 2018, Elsevier. (d2) The chemical structure and possible electrochemical redox 

mechanism of TQBQ-COF, and its long cycling stability at different current densities.79 Reproduced with permission from ref. 79. Copyright 2018, Springer Nature. 
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Thus, the PTCDI-DAQ cathode in potassium-ion battery 

delivered excellent cycling stability and satisfactory specific 

capacity. 

Commonly, the polymerization of small-molecule OEMs has 

been demonstrated to be a promising method to improve 

stability and reduce the solubility of OEM in the electrolyte 

solution, which is beneficial to long cycling performance. For 

example, owing to the unfavorable dissolution in electrolytes, 

BQ generally exhibits inferior cycling performance. Song et al.99 

designed a poly(benzoquinonyl sulfide) (PBQS) consisting of 

abundant BQ units linked with thioether bonds, working as 

cathode for lithium-ion and sodium-ion batteries. Compared 

with BQ cathode with poor cycling stability of 20 cycles with 32 

% capacity retention, the PBQS cathode for lithium-ion battery 

could maintain capacity retention of 86 % after 1000 cycles. 

Analogously, AQ is also subject to the serious dissolution 

problem in electrolytes, Song et al.52 coupled AQ rings to 

generate poly(1,4-anthraquinone) (P14AQ) with high molecular 

weight (ca. 230000) via a one-step condensation polymerization 

method. Compared with AQ and poly(1,5-anthraquinone) 

(P15AQ) with low molecular weight (ca. 2300), the P14AQ 

cathode for lithium-ion batteries presented remarkably 

superior cycling performance due to its less solubility. It was 

demonstrated that the different dissolution behavior played a 

dominant role in capacity fading. When used as a cathode for 

magnesium-ion battery, the P14AQ is also endowed with great 

superiority of cycling performance.220 For polymer-based OEMs, 

the extension of π-conjugated structure is also conducive to 

enhancing their cycling performance. Tang et al.221 designed a 

poly(pentacenetetrone sulfide) (PPTS) using extended π-

conjugated structures as a rigid backbone. This design was 

beneficial to enhance π-π intermolecular interactions and 

charge transport and boost the insolubility. Compared with 

PBQS and poly(anthraquinone sulfide) (PAQS), the PPTS with 

extended π-conjugated structure presented superior cycling 

performance (Fig. 13d1), particularly at high current densities. 

Covalent organic frameworks (COFs) endow with designable 

skeletons and stable nanoporous structures, which can 

promote the electrochemical stability of OEMs. Shi et al.79 

designed a COF consisting of triquinoxalinylene and 

benzoquinone units (TQBQ-COF) in the main skeletons applying 

condensing tetraminophenone (TABQ) and 

cyclohexanehexaone (CHHO). The stable structure and 

massively open ion transport channels bestowed the TQBQ-COF 

cathode with excellent cycling stability of reversible Na+ storage 

with 96.4% capacity retention after 1000 cycles at 1.0 A g-1 (Fig. 

13d2). Finally, grafting redox-active moieties on the conductive 

skeletons can also enhance the cycling stability, but the 

increasing inactive weight will clearly reduce the specific 

capacity of the whole OEMs. 

4. Morphological engineering of OEMs 

The systematic and comprehensive review of the effects of 

OEMs morphology on battery performance is still rarely 

reported. In this section, we will introduce the design strategies 

and preparation methods of OEMs with different morphologies, 

and properties of resultant OEMs and the benefits of 

morphological engineering of OEMs to battery performances in 

order to achieve an in-depth understanding of the 

morphological engineering of OEMs. 

Firstly, for the systematic introduction of the morphologies of 

OEMs, we classified OEMs into four types, including zero-

dimensional (0D, e.g., nanoparticles, nanospheres), one-

dimensional (1D, e.g., nanotubes, nanowires, or nanofibers, 

nanorods), two-dimensional (2D, e.g., nanosheets, nanofilms, 

nanoplates), three-dimensional (3D, e.g., nanoflowers, 

nanopillers) structures.222, 223 

It is well-established that morphological engineering could 

create nanostructures to boost the surface area and active sites, 

to create more channels and networks for electron conduction 

and ion transport, leading to significant benefit to the specific 

energy density and rate capability.224-226 Accordingly, the design 

strategies of the morphological engineering of OEMs for 

improving specific energy density, rate capability, and cycle 

performance of OEMs-based MIBs can be summarized in Fig. 14. 

In particular, the strategies of self-assembling of 0D, 1D and 2D 

nanomaterials, in-situ/ex-situ growth of 0D, 1D and 2D 

nanomaterials on 1D or 2D inorganic templates and in-situ/ex-

situ OEMs-encapsulating 3D nanostructures could not only  

  

Fig. 14 The strategies of the morphological engineering of OEMs for improving specific energy density, rate capability and cycle performance of OEMs-based MIBs. 
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Table 3 Bottom-up and top-down methods can be used to fabricate nanostructured OEMs with various dimensional morphologies. 

Morphologies 

Bottom-up 

Top-down 

 

0D 

 

• In-situ polymerization224 
• Ball-milling233 

• Antisolvent methods234，245 

1D 

 • Controlled precipitation80，248 

• In-situ polycondensation249，250 

• In-situ growth on 1D template105，150 

• Ex-situ integration with CNT229，235，252 

• Antisolvent methods225，253 

2D 

 • In-situ polymerization79，102，258，261-263 

• In-situ growth on 2D template232 

• Controlled precipitation74，264 

• Ball-milling51，274 

• Chemical exfoliation277，278 

• Super-sonication259，279 

• Antisolvent methods149 

3D 

 
• In-situ polymerization with  

3D inorganic frameworks283-285 

• Ex-situ integration with 

3D inorganic frameworks202，291，292 

 

boost the surface area and active sites but also enhance the 

porosity for rapid ion transport, which is bound to improve the 

energy density and rate capability. The strategies of in-situ/ex-

situ growth of OEMs on/in 1D CNTs, in-situ/ex-situ growth of 

OEMs on 2D templates and in-situ/ex-situ OEMs-encapsulating 

3D nanostructures could be beneficial to the construction of 

electron-conducting network, which shall enhance rate 

capability. For example, the rate capability of MIBs based on 

OEMs could be enhanced by facilitating electrons conduction 

and ions diffusion through integrating with 2D inorganic 

frameworks and exfoliating 2D nanomaterials, respectively.227, 

228 Furthermore, cycle performance could be improved by 

alleviating parasitic dissolution and aggregation of OEMs 

through the strategies of in-situ/ex-situ growth of OEMs on/in 

1D CNTs, in-situ/ex-situ growth of 0D, 1D, and 2D nanomaterials 

in 2D inorganic frameworks, and ex-situ infusing OEMs into 3D 

inorganic nanostructures.225, 229 

As shown in Table 3, the synthesis methods for OEMs can be 

separated into two main categories, i.e., bottom-up methods 

and top-down methods. Bottom-up fabrication is a strategy to 

in-situ synthesize nanostructure materials with a wide range of 

morphologies (e.g., 0D, 1D, 2D, or 3D) in high yield by stacking 

atoms/molecules in an ordered manner on the building 

blocks.230 And bottom-up method is regarded as a promising 

approach to fabricate nanomaterials for the few defects, 

uniform chemical composition and  short-/long-range order of 

nanomaterials prepared by the bottom-up method.230 

Conventional OEMs present bulky amorphous morphologies, 

which hinder the diffusion of metal ions and electrons among 

OEMs, decreasing the utilization ratio of redox-active sites on 

OEMs.231 Therefore, the creation of nanostructured 

morphology of OEMs facilitates the electron conduction and 

ionic transfer, and subsequently improves battery 

performances such as higher energy densities and better rate 

capability. As shown in Table 3, conventional bottom-up 

methods for preparing OEMs nanostructure include in-situ 

polymerization224 and controlled precipitation.80 Interestingly, 

template synthesis, such as in-situ growth on 1D, 2D, and 3D 

inorganic templates, can be readily adapted to the fabrication 

of 1D, 2D, and 3D OEMs, respectively.105, 232 

In contrast, top-down methods can be readily used in the 

fabrication of OEMs with 0D, 1D, 2D and 3D morphologies by 

scaling down bulky OEMs to nanoscale size.230 As illustrated in 

Table 3, most reported top-down methods for fabricating OEMs 

nanomaterials, including ball-milling,233 antisolvent 

methods,225, 234 and ex-situ integration with 1D/2D inorganic 

frameworks,235, 236, etc., which could be readily used to produce 

nanostructured OEMs from bulky OEMs, the latter are 

commonly available from traditional organic synthesis. The top-

down methods are often able to preserve the physical and 

chemical properties of the bulky OEMs. 

4.1 0D OEMs 

Zero-dimensional (0D) OEMs are generally defined as those 

organic cathodes/anodes materials that nanosized particles, 

typically with spherical shapes.222 In MIBs, 0D OEMs with 

nanoparticles morphology could significantly enhance surface 

areas for electrochemical reaction, facilitate electrons and 

metal ions transport, leading to fast redox reaction kinetics and 

high reversible capacities. 0D OEMs with small grain size and 

large surface area facilitate the infiltration of electrolytes into 

electrodes than bulky OEMs, result in faster (shorter) ions 

diffusion rate (pathway) and higher power density of  
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Table 4 The electrochemical performances of MIBs based on OEMs with different morphologies. 

No. Molecular structure 
Morpholog

y  

Carbon 

additives 
MIBs 

Theoretical 

capacity 

(Experimental 

capacity) 

Rate 

capacity 

Cycling 

performance 
Ref. 

1 

 

0D 25% super P SIBs 233 mAh g-1 

(245 mAh g-1 at 

30 mA g-1) 

145 mAh g-

1/200 mA g-

1 

125 mAh g-1/-/500 240 

2 

 

0D 10% timcal 

super C65 

ASSSB 205 mAh g-1 

(182 mAh g-1 at 

0.1 C) 

94 mAh g-

1/0.5 C 

107 mAh g-1/0.2 

C/400 

241 

3 

 

0D 20% CNT LIBs 1888 mAh g-1 

(1238 mAh g-1 

at 0.1 C) 

183 mAh g-

1/6 C 

320 mAh g-1/3 

C/1000 

245 

4 

 

0D 20% CNT LIBs 1926 mAh g-1 

(1416 mAh g-1 

at 0.1 C) 

317 mAh g-

1/6 C 

496 mAh g-1/3 

C/1000 

245 

5 

 

0D 20% CNT LIBs 1822 mAh g-1 

(1750 mAh g-1 

at 0.05 C) 

303 mAh g-

1/3 C 

500 mAh g-1/2.5 

C/1000 

19 

6 

 

0D 20% CNT LIBs 1802 mAh g-1 

(1678 mAh g-1) 

269 mAh g-

1/10 A g-1 

489 mAh g-1/2.5 A g-

1/1000 

246 

7 

 

0D 20% super P SIBs 137 mAh g-1 

(140 mAh g-1 at 

20 mA g-1) 

103 mAh g-

1/5 C 

107 mAh g-1/100 mA 

g-1/300 

233 

8 

 

0D 40% CB SIBs - 

(91 mAh g-1 at 

50 mA g-1) 

72 mAh g-

1/1 A g-1 

91 mAh g-1/50 mA g-

1/100 

224 

9 

 

0D 30% super P SIBs 501 mAh g-1 

(498 mAh g-1 at 

50 mA g-1) 

371 mAh g-

1/1 A g-1 

90.8%/0.5 A g-1/50 109 

10 

 

1D 30% super P SIBs 187 mAh g-1 

(186 mAh g-1 at 

19 mA g-1) 

117 mAh g-

1/5 C 

76%/0.1 C/100 248 

11 

 

1D 60% graphene LIBs 418 mAh g-1 

(394 mAh g-1 at 

1 C) 

218 mAh g-

1/20 C 

147 mAh g-1/20 

C/10000 

80 
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Table 4 continued 

12 

 

1D 60% graphene LIBs 471 mAh g-1 

(373 mAh g-1 at 

1 C) 

222 mAh g-

1/20 C 

185 mAh g-1/20 

C/10000 

80 

13 

 

1D 30% AB SIBs 257 mAh g-1 

(126 mAh g-1 at 

50 mA g-1) 

- 80 mAh g-1/400 mA 

g-1/50 

250 

14 

 

1D ~25% CNT+10% 

AB 

LIBs - 

(1536 mAh g-1 

at 100 mA g-1) 

217 mAh g-

1/5 C 

1021 mAh g-1/100 

mA g-1/500 

20 

15 

CCP-HATN@CNT 

1D 40% CNT+10% 

super P 

LIBs 117 mAh g-1 

(116 mAh g-1 at 

0.1 A g-1) 

94 mAh g-

1/1 A g-1 

91 mAh g-1/0.5 A g-

1/1000 

150 

16 

COF-10@CNT 

1D ~15% CNT+ 

20% AB 

PIBs - 

(330 mAh g-1 at 

25 mA g-1) 

68 mAh g-

1/5 A g-1 

161 mAh g-1/1 A g-

1/4000 

251 

17 

2D-PAI@CNT 

1D 40% CNT+ 10% 

super P 

LIBs 126 mAh g-1 

(104 mAh g-1 at 

200 mA g-1) 

95 mAh g-

1/2 A g-1 

~100%/0.5 A g-

1/8000 

105 

18 

 

1D 55% CNT LIBs 208 mAh g-1 

(203 mAh g-1 at 

200 mA g-1) 

125 mAh g-

1/10 A g-1 

203 mAh g-1/100 mA 

g-1/100 

229 

19 

PTMA-impregnated CNT 

1D 30% CNT SIBs 225 mAh g-1 

(222 mAh g-1 at 

0.1 C) 

190 mAh g-

1/5 C 

92%/0.5 C/100 252 

20 

 

1D 20% CB LIBs 288 mAh g-1 

(~200 mAh g-1 

at 0.1 C) 

100 mAh g-

1/6 C 

177 mAh g-1//0.2 

C/110 

225 

21 

 

1D 20% CB SIBs 250 mAh g-1 

(190 mAh g-1 at 

0.1 C) 

95 mAh g-

1/10 C 

90 mAh g-1/0.1 

C/100 

253 

22 

 

1D 25% CB SIBs 291 mAh g-1 

(290 mAh g-1 at 

20 mA g-1) 

- 212 mAh g-1/50 mA 

g-1/300 

293 

23 

 

1D Nitrogen-

doped CNT 

SSLB 222 mAh g-1 

(199.8 mAh g-1 

at 0.2 C) 

89.6 mAh g-

1/20 C 

>80%/1 C/3000 235 

24 

 

1D 30% KB ZIBs 515 mAh g-1 

(265 mAh g-1 at 

50 mA g-1) 

182 mAh g-

1/2 A g-1 

92%/50 mA g-1/250 294 

25 

 

2D 40% super P SIBs 515 mAh g-1 

(452 mAh g-1 at 

20 mA g-1) 

134.3 mAh 

g-1/10 A g-1 

96%/1 A g-1/1000 79 
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Table 4 continued 

26 

 

2D 40% super P LIBs 773 mAh g-1 

(502.4 mAh g-1 

at 0.05 C) 

170.7 mAh 

g-1/10 C 

158 mAh g-1/5 

C/1500 

266 

27 

 

2D 30% active 

carbon 

LIBs - 

(874.3 mAh g-1 

at 0.1 A g-1) 

406.1 mAh 

g-1/2.5 A g-1 

701 mAh g-1/1 A g-

1/500 

261 

28 

 

2D rGO foam LIBs - 

(842 mAh g-1 at 

100 mA g-1) 

189 mAh g-

1/5 A g-1 

78.3%/0.5 A g-

1/1400 

267 

29 

 

2D 20% CB SIBs - 

(~200 mAh g-1 

at 10 mA g-1) 

~50 mAh g-

1/5 A g-1 

80%/1 A g-1/7000 102 

30 

 

2D 10% AB ASSLB 274 mAh g-1 

(268 mAh g-1 at 

0.1 C) 

>100 mAh 

g-1/1 C 

~100%/0.1 C/100 295 

31 

 

2D 20% 

graphene+10% 

KB 

LIBs 280 mAh g-1 

(271 mAh g-1 at 

0.1 C) 

193.1 mAh 

g-1/10 C 

182.3 mAh g-1/5 

C/300 

228 

32 

 

2D 40% AB SIBs 255 mAh g-1 

(248 mAh g-1 at 

25 mA g-1) 

59 mAh g-

1/1.25 A g-1 

105 mAh g-1/250 mA 

g-1/100 

264 

33 

 

2D 20% CNT LIBs - 

(1320 mAh g-1 

at 20 mA g-1) 

257 mAh g-

1/2.3 A g-1 

>423 mAh g-1/1.2 A 

g-1/600 

149 

34 

 

2D 30% CB SIBs 603 mAh g-1 

(550 mAh g-1 at 

0.1 C) 

103 mAh g-

1/20 C 

87%/5 C/500 296 

35 

 

2D 30% KB LIBs - 

(110 mAh g-1 at 

0.2 A g-1) 

30 mAh g-

1/2 A g-1 

96 mAh g-1/0.2 A g-

1/500 

274 

36 

 

2D 30% KB +30% 

rGO 

LIBs 142 mAh g-1 

(142 mAh g-1 at 

0.1 C) 

90 mAh g-

1/10 C 

- 297 

37 

 

2D 30% KB +18% 

rGO 

LIBs 128 mAh g-1 

(124 mAh g-1 at 

0.1 C) 

37 mAh g-

1/5 C 

67 mAh g-1/1 C/300 297 

38 

 

2D 30% AB SIBs - 

(500 mAh g-1 at 

50 mA g-1) 

300 mAh g-

1/1 A g-1 

99%/5 A g-1/10000 259 

39 

 

2D 30% super P LIBs 151 mAh g-1 

(145 mAh g-1 at 

20 mA g-1) 

~72.5 mAh 

g-1/3 A g-1 

104 mAh g-1/500 mA 

g-1/1800 

51 
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40 

 

2D 30% CB LIBs 241 mAh g-1 

(223 mAh g-1 at 

0.1 C) 

145 mAh g-

1/5 C 

95%/0.1 C/50 279 

41 

 

2D 20% AB LIBs 1423 mAh g-1 

(886 mAh g-1 at 

0.1 A g-1) 

593 mAh g-

1/2 A g-1 

581 mAh g-1/2 A g-

1/1000 

275 

42 

 

2D 20% AB SIBs - 

(329 mAh g-1 at 

0.1 A g-1) 

68 mAh g-

1/2 A g-1 

220 mAh g-1/100 mA 

g-1/200 

275 

43 

 

2D 20% AB PIBs - 

(297 mAh g-1 at 

0.1 A g-1) 

58 mAh g-

1/2 A g-1 

228 mAh g-1/100 mA 

g-1/200 

275 

44 

 

2D 10% super P LIBs - 

(1359 mAh g-1 

at 0.1 A g-1) 

- 1359 mAh g-1/100 

mA g-1/300 

278 

45 

TThPP nanofilm 

2D - LIBs 686 mAh g-1 

(666 mAh g-1 at 

200 mA g-1) 

195 mAh g-

1/4 A g-1 

381 mAh g-1/1 A g-

1/200 

258 

46 

 

2D 30% super P PIBs - 

(292 mAh g-1 at 

50 mA g-1) 

233 mAh g-

1/5 C 

83%/500 mA g-

1/1000 

74 

47 

 

3D Graphite 

nanosheet+ CB 

PIBs - 

(142 mAh g-1 at 

100 mA g-1) 

- 118 mAh g-1/100 mA 

g-1/300 

284 

48 

 

3D 15.6% 

functionalized 

graphene 

sheets+30% 

conductive 

carbon 

LIBs 225 mAh g-1 

(187 mAh g-1 at 

0.1 C) 

100 mAh g-

1/100 C 

- 286 

49 

 

3D 6.6% 

functionalized 

graphene 

sheets+30% 

conductive 

carbon 

LIBs 367 mAh g-1 

(205 mAh g-1 at 

0.1 C) 

139.4 mAh 

g-1/10 C 

- 286 

50 

 

3D rGO LIBs 367 mAh g-1 

(240 mAh g-1 at 

40 mA g-1) 

102 mAh g-

1/4 A g-1 

81.2%/100 mA g-

1/600 

287 

51 

 

3D rGO SIBs 367 mAh g-1 

(213 mAh g-1 at 

50 mA g-1) 

116 mAh g-

1/1 A g-1 

80.4%/1 A g-1/1000 287 

52 

 

3D 10% graphene LIBs - 

(232.6 mAh g-1 

at 0.1 C) 

108.9 mAh 

g-1/50 C 

86.6 mAh g-1/50 

C/1000 

288 
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53 

 

3D 58% 

carbonized 

nanofiber 

LIBs - 

(175 mAh g-1 at 

0.5 C) 

123 mAh g-

1/100 C 

62%/1 C/2500 289 

54 

 

3D - LIBs - 

(226 mAh g-1 at 

0.1 C) 

120 mAh g-

1/20 C 

175 mAh g-1/0.5 

C/200 

283 

55 

 

3D 10% CNT SIBs - 

(258 mAh g-1 at 

0.1 C) 

142 mAh g-

1/7 C 

191 mAh g-1/1 C/30 298 

56 

 

3D 20% rGO ZIBs - 

(127 mAh g-1 at 

50 mA g-1) 

121 mAh g-

1/5 A g-1 

130 mAh g-1/3 A g-

1/1500 

290 

57 

 

3D 35% 

graphene+30% 

AB 

LIBs - 

(330 mAh g-1 at 

50 mA g-1) 

74 mAh g-

1/3.2 A g-1 

319 mAh g-1/200 mA 

g-1/200 

291 

58 

 

3D 80% CNT LIBs 217 mAh g-1 

(275 mAh g-1 at 

0.2 C) 

153 mAh g-

1/60 C 

180 mAh g-1/30 

C/5100 

202 

59 

 

3D 80% CNT LIBs 319 mAh g-1 

(200 mAh g-1 at 

0.2 C) 

96 mAh g-

1/600 C 

98%/30 C/3400 202 

60 

 

3D ~30% CNT LIBs 315 mAh g-1 

(182 mAh g-1 at 

50 mA g-1) 

75 mAh g-

1/5 A g-1 

89%/250 mA g-1/500 292 

Note: CNT: carbon nanotube; rGO: reduced graphene oxide; AB: acetylene black; CB: carbon black; KB: ketjen black; ASSSB: all-solid-state sodium battery; 

ASSLB: all-solid-state lithium battery; SSLB: solid-state lithium battery; COF: covalent organic framework; CCP-HATN: carbon-linked conjugated polymer 

framework; 2D-PAI: 2D polyarylimide; TThPP: 2D COF polyporphyrin; PTMA: poly(2,2,6,6-tetramethylpiperidinyloxy-4-vinylmethacrylate); LIBs, SIBs, PIBs and 

ZIBs represent lithium-ion, sodium-ion, potassium-ion and zinc-ion batteries, respectively. 

batteries.224, 237 Besides, unlike the bulky OEMs, 0D OEMs with 

small diameters endow electrodes with less tendency of particle 

cracking, which effectively increase reversible specific capacity 

and capacity retention of batteries.238 Therefore, it is of great 

importance to design and control the size and morphology of 

0D OEMs. 

4.1.1 Bottom-up synthesis for 0D OEMs. 0D OEMs usually 

exhibit smaller size and larger surface area in comparison with 

bulky OEMs, causing close contact with electrolytes and a high 

tendency to be dissolved in electrolytes.222  Therefore, the most 

reported 0D OEMs are polymer dots, which are fabricated by in-

situ polymerization from molecular precursors, having a high 

molecular weight that could restrain unwanted dissolution in 

electrolytes.239 TFPB-TAPT covalent organic framework (COF) 

could be synthesized through a Schiff-base reaction from 

molecular reagents, including 1,3,5-tris(4-formyl phenyl) 

benzene (TFPB) and 1,3,5-tris(4-amino phenyl)-triazine 

(TAPT).240 The resultant COF showed nano-spherical 

morphology (Fig. 15a) and a large surface area (120 m2 g-1).240 

Benefiting from this 0D nano-spherical morphology, sodium-ion 

battery (SIB) with TFPB-TAPT COF active material exhibited 

good rate capability (Fig. 15b).240 

0D OEMs also could decrease the interfacial resistance 

between electrodes and electrolytes. For example, Yao et al. 

synthesized 0D structural Na4C6O6 with a diameter of 200-300 

nm (Fig. 15c).241 This Na4C6O6 nanoparticle decreased the 

interfacial resistance between electrode and sulfide SSEs due to 

the inherent flexible organic structure and physically high 

surface areas.241 The electronic conductivity of Na4C6O6 was 

1×10-4 S cm-1, which could compete with that of LiMn2O4 and  



ARTICLE Journal Name 

46 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

LiFePO4.241 The chemically and electrochemically stable Na4C6O6 

nanoparticles were used as a cathode for the all-solid-state 

sodium battery in the battery structure of Na4C6O6-sulfide SSE

‖sulfide SSE‖Na-Sn alloy anode.241 As a result, this novel 

Na4C6O6 electrode in sulfide-based SSE battery presents 

excellent electrochemical performances, including high 

reversible capacity (184 mAh g-1), specific energy density (395 

Wh Kg-1), and stable long-term cycle performance (Fig. 15d). 241 

The fabrication of 0D OEMs was more difficult compared with 

inorganic electrode materials. Therefore, it is crucial to 

investigate reaction conditions that could affect the 

morphologies of OEMs comprehensively. Wang et al. reported 

that a polymer cathode material called poly(pyrrole-squaraine) 

(PPS) with 0D morphology in various particles size ranged from 

200 to 1200 nm could be prepared by controlling the polarity of 

reaction solvent, the ratio of reactive monomers, and the 

concentration of monomers in the solvent.224 And PPS (PPS-XS) 

with the smallest particle size (200 nm) was prepared through 

polycondensation between two monomers at a molar ratio of 1 

in pure 1-butanol solvent (Fig. 15e), which exhibited the highest 

capacity among five PPS samples after 2000 cycles at the 

current density of 1000 mA g-1, demonstrating the positive 

effect of 0D nanostructure for increasing the metal ions 

diffusion and electrons conduction (Fig. 15f).224 

Even though 0D OEMs prepared through bottom-up methods 

exhibited good battery performances, they could aggregate into 

larger interconnected particles, necklaces or chainlike 

structures, burying active sites of 0D OEMs, leading to relatively 

fast reversible capacities deterioration, ultimately.40, 242 

Therefore, it is of importance to develop novel and controllable 

bottom-up methods to prepare 0D OEMs with high mono-

dispersity. In the application of 0D OEMs obtained through 

bottom-up methods, the aggregation or stacking of OEMs due 

to intermolecular interactions such as van der Waals forces, 

hydrogen bond and π-π interactions among 0D nanoparticles 

need to be avoided.243 

4.1.2 Top-down synthesis for 0D OEMs. Top-down synthesis 

is a versatile and straightforward method for the preparation of 

0D OEMs. The first top-down synthesis for 0D OEMs is ball-

milling, which utilizes mechanical force to downsize the bulky 

OEMs without variation of chemical compositions and 

structures of OEMs.233, 244 For instance, a simple 3,4,9,10-

perylene-bis(dicarboximide) (PTCDI) 0D OEM was fabricated by 

ball-milling, and the diameters of PTCDI nanoparticles were 

ranged from 100 nm to 1 μm.233 Sodium-ion battery (SIB) based 

on 0D PTCDI active material exhibited a high specific capacity of 

103 mAh g-1 at a current density of 600 mA g-1, which was 

equivalent to 75% of the theoretical capacity of PTCDI.233 And 

the impressively fast rate capability of 0D PTCDI was resulting 

from fast electron conduction and Na+ diffusion facilitated by 

small size of PTCDI nanoparticles (close contact with electrolyte) 

and π-conjugated structure of PTCDI molecules.233  Besides, SIB 

based on 0D PTCDI active material showed stable long-term 

cycle performance with capacity retention of 90% after 300 

cycles, which was uncommon among SIBs based on OEMs, 

especially for OEMs with small molecular weight.233 However, 

the particle size of 0D PTCDI prepared by ball-milling was 

uneven, which may be due to the difficulty of controlling 

synthesis conditions during the ball-milling process, which 

should be solved in the future to optimize battery 

performance.233 

Another top-down synthesis method for 0D OEMs is 

antisolvent method, namely bulky OEMs are dissolved in one 

solvent which has a high solubility of the OEMs firstly, then 0D 

OEMs will be precipitated after mixing this solution with 

another solvent (defined as antisolvent) which have low 

solubility of the OEMs.245 Therefore, the antisolvent method is 

regarded as a promising top-down approach to fabricate 0D 

OEMs due to many advantages such as simplicity of controlling 

the size, shape, and morphology of 0D OEMs (by adjusting the 

concentration of OEMs and the type and content of two 

solvents) and versatility for many OEMs (including some 

polymer active materials).19, 109 For example, two kinds of 

conjugated ladder polymer 

poly(benzobisimidazobenzophenanthroline) (BBL) and its 

derivative (SBBL) were synthesized through one-pot 

polycondensation.245 However, bulky morphologies of BBL and 

SBBL were adverse to charge transfer within electrodes due to 

the existence of large voids within BBL and SBBL particles (Fig. 

16a).245 Antisolvent method was proposed to decrease particle 

sizes by utilizing methanesulfonic acid as solvent and ethanol as 

antisolvent, leading to the formation of 0D BBL and SBBL 

nanoparticles with diameters of 30 and 70 nm (Fig. 16b), 

respectively.245 LIBs based on BBL and SBBL could retain a high 

reversible capacity of 496 mAh g-1 and 320 mAh g-1 after 1000 

cycles at 50 oC under a current rate of 3 C (Fig. 16c), respectively. 
245 

Besides, 0D OEMs could obtain higher electronic 

conductivities than corresponding bulky OEMs, leading to 

better rate capabilities. Pristine bulky poly(1,6-

dihydropyrazino[2,3g] quinoxaline-2,3,8-triyl-7-(2H)-ylidene- 

Fig. 15 (a) HR-TEM image and (b) rate capability of TFPB-TAPT COF.240 Reproduced with 

permission from ref. 240. Copyright 2018, The Royal Society of Chemistry. (c) SEM 

image of Na4C6O6. (d) Long-term cycle performance under 0.2 C at 60 oC.241 

Reproduced with permission from ref. 241. Copyright 2017, Wiley-VCH. (e) SEM image 

of PPS nanospheres. (f) Long-term cycle performance of five PPS samples at the current 

density of 1000 mA g-1.224 Reproduced with permission from ref. 224. Copyright 2019, 

The Royal Society of Chemistry. 
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7,8-dimethylidene) (PQL) was synthesized through 

polycondensation, which exhibited severe aggregation due to 

the strong π-π interactions among extended conjugated PQL 

particles.19 PQL nanoparticles with a diameter of 40-60 nm were 

prepared through an antisolvent method by utilizing 

methanesulfonic acid as solvent and water as antisolvent.19 And 

PQL nanoparticles displayed high electronic conductivity 

(2.1×10-3 S cm-1) than bulky PQL (1×10-5 S cm-1), leading to 

higher utilization of electro-active sites and higher reversible 

capacity (303 mAh g-1, 5 C) at 50 oC, ultimately.19 In addition, 

another OEM called poly(1,4-dihydro-

11hpyrazino[2',3':3,4]cyclopenta[1,2-b]quinoxalin-11-one) 

(PPCQ), which displayed large aggregation as micro-structure 

(Fig. 16d).246 Pristine PPCQ particles were treated by the 

antisolvent method with methanesulfonic acid as solvent and 

water as antisolvent, then precipitates of PPCQ were super-

sonicated, leading to the formation of PPCQ nanoparticles (Fig. 

16e).246 LIB based on 0D PPCQ active material exhibited 

excellent rate capability, which could even retain 269 mAh g-1 at 

10 A g-1 (Fig. 16f), demonstrating the great advantage of 0D 

OEMs for enhancement of battery performances.246 

Although disodium rhodizonate (Na2C6O6) has a high 

theoretical capacity (501 mAh g-1), the practical capacities of 

batteries based on Na2C6O6 active material in most literature 

were much less than 501 mAh g-1.109 Bao et al. reported that the 

structure of Na2C6O6 could change from α-Na2C6O6 to γ-

Na2+nC6O6 during the first desodiation process.109 However, γ-

Na2+nC6O6 changed into γ-Na2+xC6O6 instead of returning to α-

Na2C6O6 due to the significant activation barrier of 

transformation from γ-Na2+nC6O6 to α-Na2C6O6 when using 

bulky Na2C6O6 (Fig. 17a) as active material in PC electrolyte, 

leading to limited sodium-ion storage.109 As displayed in Fig. 

17b, Na2C6O6 nanoparticles were fabricated through the 

antisolvent method with water as solvent and ethanol as 

antisolvent.109 After being utilized as active material in SIB with 

DEGDME as an electrolyte, the crystal structure of Na2C6O6 was 

changed from α-Na2C6O6 to γ-Na2+nC6O6 during the first 

desodiation process.109 As illustrated in Fig. 17c, the reversible 

phase transformation from γ-Na2+nC6O6 to α-Na2C6O6 happened 

after charging to 3.2 V in the first cycle with the formation of 

nanosized grains (smaller than 20 nm) within the Na2C6O6  

nanoparticles.109 It was reported that the phase could transform 

successfully from γ-Na2+nC6O6 to α-Na2C6O6 during following 

cycles even at 2.2 V, demonstrating the highly decreased 

activation barrier of phase transformation from γ-Na2+nC6O6 to 

α-Na2C6O6.109 SIB based on 0D Na2C6O6 active material with 

DEGDME as electrolyte exhibited a high reversible capacity of 

498 mAh g-1 under 50 mA g-1 (Fig. 17d), which was equivalent to 

95% of its theoretical capacity.109 Interestingly, the reversible 

redox process of 0D Na2C6O6 nanoparticles with a few tens of 

nano-meters (ex-Nano) in PC electrolyte did not deteriorate 

with the increase of cycle number, indicating transformation 

from γ-Na2+nC6O6 to α-Na2C6O6 also could exist in PC electrolyte 

through decreasing the nanoparticle size of Na2C6O6, which 

could highly decrease the activation barrier of phase 

transformation benefited from 0D morphology of Na2C6O6.109 

4.2 1D OEMs 

1D OEMs include nanorods, nanotubes, nanowires, and 

nanofibers, that usually have small widths (less than one μm) 

and long lengths.222 1D OEMs have been regarded as one of the 

most promising candidates of advanced electrodes for energy 

storage systems due to several advantages such as high surface 

area, alleviation of stress and continuously ultrafast electronic 

conduction and ionic diffusion through the oriented directions, 

resulting in excellent rate capability of batteries.222, 247 Besides, 

it is an effective approach for some OEMs with small molecular 

weight to grow on/in 1D CNT to mitigate the high dissolution of 

OEMs, benefiting to stable long-term cycle performance.229 

Moreover, 1D OEMs could be fabricated by either bottom-up 

synthesis method or 1D materials-assisted top-down treatment 

such as nanorods,248 CNT,20 and nanofibers.80 

4.2.1 Bottom-up synthesis for 1D OEMs. Bottom-up 

synthesis for 1D OEMs can be realized by three general methods 

in this work, including controlled precipitation,80, 248 in-situ 

polycondensation249, 250 and in-situ growth on 1D template.105, 

150 Conventional bottom-up synthesis for 1D OEMs is controlled 

precipitation method, which is an approach that precipitates of 

1D OEMs will be formed after removal of solvent.80, 248 For 

example, an organic material with nanorod morphology named  

Fig. 16 FESEM image of (a) BBL bulk and (b) BBL nanoparticles. (c) Long-term cycle 

performance of LIBs based on BBL and SBBL investigated at 50 °C under the current 

density of 3 C.245 Reproduced with permission from ref. 245. Copyright 2015, Wiley-VCH. 

FESEM images of (d) pristine PPCQ particles and (e) PPCQ nanoparticles. (f) The rate 

capability of LIB based on PPCQ anode.246 Reproduced with permission from ref. 246. 

Copyright 2016, Wiley-VCH. 

Fig. 17 SEM images of (a) bulk and (b) nanoparticles of Na2C6O6. (c) Magnified image 

morphology of Na2C6O6 nanoparticles when discharge to 3.2 V in the first cycle. (d) Rate 

capability and corresponding cycle performance (inset) of SIB based on Na2C6O6 

electrodes ranged from 0.5 to 3.3 V.109 Reproduced with permission from ref. 109. 

Copyright 2017, Springer Nature. 
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tetrasodium salt of 2,5-dihydroxyterephthalic acid (Na4C8H2O6), 

was fabricated through a facial and green one-pot 

neutralization method firstly and the solvent was removed 

under vacuum distillation subsequently.248 The Na4C8H2O6 with 

nanorod morphology (Fig. 18a) was obtained through π-

stacking force among numerous Na4C8H2O6 molecules in an 

ordered direction, and the surface area of Na4C8H2O6 was 103.8 

m2 g-1.248 As shown in Fig. 18b, SIB based on Na4C8H2O6 nanorod 

exhibited high reversible capacity (186 mAh g-1), which was 

quite close to its theoretic capacity (187 mAh g-1).248 And SIB 

utilizing 1D Na4C8H2O6 active material displayed stable and high 

capacity retention and coulombic efficiency (CE) due to the high 

dissolution resistance of tetrasodium salt unit.248 Besides, full 

SIB was assembled utilizing Na4C8H2O6 as both cathode and 

anode active materials, which could retain 76% of reversible 

capacity after 100 cycles at 0.1 C, demonstrating the  promising 

potential of Na4C8H2O6 for SIB application.248 

Quinoxaline-based heteroaromatic molecule (3Q) was 

synthesized through a facial Schiff-base reaction firstly, and the 

single-crystalline 3Q was obtained through slow evaporation 

from mixed solvent, which showed a uniform nanofiber 

morphology (Fig. 18c) derived from π-π interactions among 

adjacent 3Q molecules.80 LIB based on 3Q active material 

displayed excellent rate capability, demonstrating fast charge 

transfer kinetics between the extended π-conjugated 3Q 

molecules and lithium ions (Fig. 18d).80 Besides, LIB with 3Q 

active materials exhibited high initial reversible capacity (215 

mAh g-1) and capacity retention (67%) after 10000 cycles under 

a high current density of 20 C.80 And this excellent battery 

performance was quite extraordinary, especially for OEMs with 

small molecular weight, demonstrating the positive effect of 

extended π-conjugated system and 1D nanofiber morphology 

on achieving ultrafast rate capability and stable long-term cycle 

performances.80 However, the loading of active materials was 

too low (30%), which cannot meet the requirement of practical 

battery application.80 

Besides, 1D OEMs could be prepared by the in-situ 

polycondensation method. For instance, two polyimide 

molecules (PI and PI-IMI) with the same chemical structure but 

different morphologies were synthesized through 

polycondensation between 3,4,9,10-perylene tetracarboxylic 

dianhydride (PTCDA) and hydrazine monohydrate in N-methyl-

2-pyrrolidone solvent and imidazole medium, respectively.250 

The diameter of the PI nanorod (100 nm) was much smaller than 

that of the PI-IMI nanorod (diameter: 500 nm), and the surface 

area of PI nanorod (102 m2 g-1) was also higher than PI-IMI 

nanorod (41 m2 g-1).250 Therefore, large surface area and small 

diameter of 1D morphology of PI endowed SIB based on PI 

active material with high rate capacity (maintained 75% 

capacity at 800 mA g-1 in comparison with specific capacity 

measured at 25 mA g-1).250 

Another bottom-up synthesis method for 1D OEMs is in-situ 

growth on 1D template.105, 150 For instance, even though COF 

have open channels π-electrons systems which could benefit for 

electrons conduction and ions diffusion, electroactive sites of 

COF cannot be fully utilized because the strong π-π interactions 

between COF molecules will form closely packed layers which 

deeply buried the interior redox-active sites of COFs.57 

Therefore, it is critical to fabricate OEMs with more exposed 

redox-active sites to increase battery performances. COF@CNT 

with 1D morphology was fabricated by in-situ growth on CNT 

with few-layered COFs (~5 nm) through π-π interactions 

between CNT and COF (Fig. 19a).20 CNT could facilitate the 

dispersion of COF into the layered exterior surface of CNT, 

which led to the exposure of more redox-active sites of COF.20 

In comparison with pristine COF, the 1D morphology of 

COF@CNT was beneficial for activating the interior redox-active 

groups of C=C on the benzene ring of COF, which highly boosted 

the lithium-ion storage when COF@CNT was utilized as active 

material, leading to quite higher reversible capacity (Fig. 19b). 
20 In addition, COF-10@CNT was prepared by in-situ 

polycondensation between 4,4tobiphenyldiboronic acid and 

2,3,6,7,10,11-hexahydroxytriphenylene with the existence of 

CNT, which also grow uniformly on the exterior surface of CNT 

(Fig. 19c).251 The specific capacity of PIB based on COF-10@CNT 

was 68 mAh g-1 under a high current density of 5 A g-1, 

demonstrating the fast electron conduction and high potassium 

ions diffusion rate.251 Besides, PIB with 1D COF-10@CNT 

nanomaterial maintained a higher specific capacity (288 mAh g-

1) than pristine COF-10 (57 mAh g-1) after 500 cycles under the 

current density of 0.1 A g-1.251 Moreover, CCP-HATN@CNT and  

 

Fig. 19 (a) TEM image of COF@CNT. (b) Long-term cycle performances of COF and 

COF@CNT.20 Reproduced with permission from ref. 20. Copyright 2018, Springer Nature. 

(c) TEM image of COF-10@CNT. (d) Long-term cycle performances of COF-10 and COF-

10@CNT.251 Reproduced with permission from ref. 251. Copyright 2019, American 

Chemical Society. 

Fig. 18 (a) SEM image of Na4C8H2O6. (b) The cycle performance of Na4C8H2O6/Na half 

cells at 0.1 C.248 Reproduced with permission from ref. 248. Copyright 2014, Wiley-

VCH. (c) SEM image of 3Q organic material. (d) Rate capability of LIB based on 3Q.80 

Reproduced with permission from ref. 80. Copyright 2017, Springer Nature. 
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PAI@CNT were also prepared by in-situ growth thin polymer 

layers on the exterior surface of CNT, which both exhibited 

faster charge transfer kinetics and more stable long-term cycle 

performance in comparison with pristine COFs, indicating the 

significant effectiveness of 1D morphology for improving 

battery performances of OEMs.105, 150 

4.2.2 Top-down synthesis for 1D OEMs. Top-down synthesis 

for 1D OEMs can be realized by two general methods in this 

work, including ex-situ integration with CNT229, 235, 252, and the 

antisolvent method.225, 253 As aforementioned, OEMs with small 

molecular weight usually have two drawbacks, including high 

dissolution in conventional electrolytes and electron-insulating 

features.254, 255 Even though many strategies have been 

developed to tackle these problems, there is a trade-off 

between high active materials loading and high rate capability 

due to the low electronic conductivity of OEMs.254 

Organic/polymer materials could have high electronic 

conductivity with high content of active materials by fabricating 

1D OEMs through ex-situ growth on the surface of CNT.229 For 

example, lumiflavine (LF) showed high dissolution in 

electrolytes and low rate capability for its small molecular 

weight and electron-insulating feature, which limited its further 

application in MIBs.229 1D LF-SWNTs composite nanofiber (Fig. 

20a) was fabricated through sonicating LF with SWNTs together 

in acetone firstly, and LF was anchored on the surface of SWNTs 

via π-π interactions between LF and SWNTs.229 LIB based on 1D 

LF-SWNTs nanofiber exhibited higher reversible capacity (203 

mAh g-1) and capacity retention (99.7%) than LIB with pristine  

 

Fig. 20 (a) TEM image of LF-SWNT. (b) Cycle performances of LIBs based on LF-SWNT and 

pristine LF electrodes.229 Reproduced with permission from ref. 229. Copyright 2014, 

Wiley-VCH. (c) Focused-ion beam (FIB) image of PTMA-impregnated CNT. (d) The rate 

capability of LIBs with PTMA-CNT composite and PTMA-impregnated CNT electrodes.252 

Reproduced with permission from ref. 252. Copyright 2016, Wiley-VCH. (e) FIB-SEM 

image of PTMA-filled NCNTs. (f) Rate capability of Li||GPE||PTMA-filled NCNTs SSLB.235 

Reproduced with permission from ref. 235. Copyright 2021, Elsevier. 

LF electrode after 100 cycles due to the less dissolution of 1D 

LF-SWNTs nanofiber in electrolyte derived from π-π interactions 

between LF and SWNTs and fast electrons conduction and 

lithium ions diffusion within 1D LF-SWNTs nanofiber (Fig. 

20b).229 

Apart from growing on the exterior surface of CNT, electro-

active organic/polymer also could infuse into the interior 

tubular space in CNTs. Although poly(2,2,6,6-tetramethyl 

piperidinyl oxy-4-vinyl methacrylate) (PTMA) had high power 

density due to its fast reversible oxidation/reduction process, 

PTMA suffered from severe self-discharge, and low energy 

density resulting from the high dissolution in electrolytes and 

high electron-insulating feature of PTMA.252 1D PTMA-

impregnated CNT nanofiber (Fig. 20c) was fabricated through 

facile mixing of PTMA and CNT in N-methyl-2-pyrrolidone 

(NMP) solvent firstly, and PTMA diffused into CNT and 

impregnated the vacant space within CNT.252 The surface area 

of CNT was decreased after infusing PTMA into CNT, which 

demonstrated that the interior space of CNT could be filled with 

PTMA.252 And SIB based on 1D PTMA-impregnated nanofiber 

exhibited much better rate capability (Fig. 20d) than that based 

on PTMA-CNT active material prepared with traditional slurry 

method due to the better electron-conducting network and 

dissolution resistance of 1D PTMA-impregnated CNT 

nanofiber.252 Besides, SIB with 1D PTMA-impregnated CNT 

nanofiber showed stable long-term cycle performance, 

demonstrating 1D morphology could effectively prevent the 

dissolution of PTMA in the electrolyte.252 

Solid-state batteries (SSBs), which were composed of 

electrodes and solid-state electrolytes (SSEs), exhibiting low 

rate capability due to the low metal ion diffusion rate in SSEs 

and high interfacial resistances in electrodes/SSEs interfaces.235 

Therefore, achieving fast electrons transfer and metal ions 

diffusion rate were prerequisites to develop SSBs with high 

energy and power densities.235 1D PTMA-impregnated 

nitrogen-doped CNTs (NCNTs) nanofiber was prepared by 

infusing PTMA into NCNTs in the mixture of NMP and acetone 

(Fig. 20e).235 A solid-state lithium battery (SSLB) was assembled 

with 1D PTMA-filled NCNTs nanofiber and polyimide-based gel 

polymer electrolyte.235 Even though PTMA was electron-

insulating, fast electrons transfer rate could be obtained due to 

the well-formed electron-conducting network of 1D PTMA-

impregnated NCNTs nanofiber.235 Gel polymer electrolyte had 

acceptable lithium-ion diffusion speed and low interfacial 

resistance due to the existence of liquid electrolyte within 

polyimide matrix, guaranteeing the fast lithium ions diffusion 

rate.235 By virtue of gel polymer electrolyte and 1D PTMA-filled 

NCNTs nanofiber, SSLB exhibited impressively high reversible 

capacity (89.6 mAh g-1) at 20 C and high capacity retention 

(higher than 80%) after 3000 cycles at a current density of 1 C 

(Fig. 20f), demonstrating the promising potential of 1D PTMA-

filled NCNTs nanofiber for developing SSLB with high power 

density.235 

Another top-down synthesis method for 1D OEMs is an 

antisolvent method. In addition to enhancing the rate capability 

of batteries, the 1D morphology structure of OEMs also could 

benefit from closing electrode/electrolyte interfaces and 
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alleviate stain within electrodes.225 For instance, 1D croconic 

acid disodium salt (CADS) nanowire (Fig. 21a) with a mean 

diameter of about 150 nm was synthesized through an 

antisolvent method by using water as solvent and acetone as 

antisolvent.225 The formation of CADS nanowire may result from 

its low dissolution in water/acetone mixed solution and π-π 

interactions among CADS molecules, causing self-assembly of 

CADS nanowire in an ordered direction.225 LIBs based on CADS 

nanowire exhibited higher specific capacity (Fig. 21b) and better 

rate capability (Fig. 21c) in comparison with that based on CADS 

micropillar and microwire, which may result from the closer 

contact interface with electrolyte and in CADS/carbon black 

interface, leading to shorter lithium ion diffusion distance, 

ultimately.225 Besides, the interfaces resistances of CADS 

micropillar (300 Ω) and microwire (750 Ω) were much higher 

than that of CADS nanowire (50 Ω), which was in accordance 

with the higher rate capability of CADS nanowire.225 Moreover, 

severe pulverization and microcracks were detected on CADS 

micropillar and microwire electrodes after 110 cycles due to the 

large strain during charge/discharge processes.225 Nevertheless, 

no pulverization and microcracks  appeared on CADS nanowire, 

demonstrating the advantage of 1D CADS nanowire 

morphology for alleviating strains during long-term cycle 

process.225 

Besides, 1D sodium rhodizonate dibasic (SR) nanorod with a 

uniform diameter of 200 nm was prepared through the 

antisolvent method with water as solvent and ethanol as 

antisolvent (Fig. 21d).253 SIB based on 1D SR nanorod exhibited 

higher capacity (Fig. 21e) and better rate capability (Fig. 21f) 

than those with SR micro bulk and microrod because 1D SR 

nanorod had a better contact interface with electrolyte, which 

facilitated sodium ion diffusion and decreased sodium ion 

diffusion pathway.253 Furthermore, the diameter of 1D SR 

nanorod could be easily controlled by adjusting the 

concentration of SR solution, paving an effective approach to 

fabricate 1D OEMs with various sizes.253 

4.3 2D OEMs 

2D OEMs are defined as those that have morphologies of 

nanosheets, nanoplates and nanofilms.222, 256 2D OEMs are 

regarded as promising candidates for preparing high-

performance batteries due to their impressively high surface 

area, massive exposed active sites, and ultrafast electronic and 

ionic transport in-plane, benefiting for excellent rate 

capabilities and high specific capacities and energy densities.223, 

228, 257, 258 However, most 2D OEMs exhibit re-stacking, which 

hinders electrolyte penetration and ions diffusion, leading to 

reduction of power density and specific capacity of batteries, 

ultimately.247, 259, 260 Therefore, in this section, we will 

summarize recent fabrication of 2D OEMs and their application 

in MIBs, which could supply with effective and controllable 

approaches to fabricate high-performance 2D OEMs and to 

construct batteries with high power density and energy density. 

4.3.1 Bottom-up synthesis for 2D OEMs. Bottom-up 

synthesis for 2D OEMs can be realized by three general methods 

in this work, including in-situ polymerization,79, 102, 258, 261-263 in-

situ growth on 2D template232 and controlled precipitation.74, 264 

The straightforward bottom-up synthesis method for 2D OEMs 

is in-situ polymerization.79 As one of the most promising 2D 

OEMs in MIBs, COFs usually exhibit fast ions diffusion rate and 

stable long-term cycle performances for their open ordered 2D 

morphology, large surface area, stable molecular structure, and 

π-π interactions among layers of COF.98, 258, 261 Therefore, many 

applications of COFs in MIBs have been reported due to the 

versatility and tunability of COFs, which could be found in 

published reviews.57, 260, 265 Among these COFs, one of the most 

frequent synthesis methods of COFs is Schiff-base reaction for 

their widespread raw sources. A novel TQBQ-COF was 

synthesized through Schiff-base reaction in acetic acid/ethanol 

mixed solvent, which had rich electroactive sites such as C=O 

and C=N and 2D morphology with moderate crystallinity (Fig. 

22a).79 2D TQBQ-COF exhibited large surface area (94.36 m2 g-

1), high electronic conductivity (1.973×10-9 S cm-1) and good 

sodium-ion conductivity (5.53×10-4 S cm-1), leading to excellent 

rate capability of SIB (Fig. 22b) based on TQBQ-COF active 

material (134.3 mAh g-1 at 10 A g-1).79 Besides, abundant C=O 

Fig. 21 (a) SEM image of CADS nanowire. (b) Cycle performances and (c) rate capabilities of LIBs with CADS micropillar, CADS microwire and CADS nanowire.225 Reproduced with 

permission from ref. 225. Copyright 2014, American Chemical Society. (d) SEM image of SR nanorod. (e) Cycle performance and (f) rate capability of SIB with SR nanorod.253 

Reproduced with permission from ref. 253. Copyright 2016, American Chemical Society. 
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and C=N electroactive sites and decreased inactive parts 

endowed TQBQ-COF with surprisingly high specific capacity 

(452.0 mAh g-1 at 0.02 A g-1) and stable long-term cycle 

performance (96% capacity retention after 1000 cycles at 1 A g-

1).79 Besides, Wu et al. synthesized BQ1-COF with 2D 

honeycomb-like morphology which had the same chemical 

structure as TQBQ-COF by Schiff-base reaction under 

NMP/sulfuric acid mixed solvent.266 And this BQ1-COF also 

displayed good rate capability and long-term cycle 

performance.266 Nevertheless, Li et al. reported that Schiff-base 

reaction in acid/solvent mixed solvent will irreversibly form 

mishaps of connectivity between vicinal diamines and vicinal 

diketone, leading to the formation of OEMs with amorphous 

cross-linked structures and unsatisfactory battery performance, 

ultimately.267 On the contrary, the polycondensation reaction 

between vicinal diamines and vicinal diketone was reversible in 

a basic solvent such as sodium hydroxide (NaOH)/potassium 

hydroxide (KOH) aqueous solvent, facilitating the growth of 

COFs with crystalline structure through the error-checking 

process.267 For example, PGF-1 COF with high crystallinity and 

2D stacked-sheet morphology was prepared successfully in 4M 

KOH aqueous solvent, which showed a large surface area of 101 

m2 g-1, the high specific capacity of 842 mAh g-1 at the current 

density of 100 mA g-1 and excellent rate capability (189 mAh g-1 

at 5 A g-1).267 

Another example of in-situ polymerization was the 

distribution of 2D polyporphyrin (TThPP) COF nanofilm (3.8 nm) 

onto the surface of copper foil (Fig. 22c).258 The in-plane 

electronic conductivity of TThPP nanofilm was up to 2.38×10-4 S 

m-1, indicating its fast electron conduction and excellent power 

density of TThPP nanofilm.258 Owing to the high electronic 

conductivity and enhanced transport of lithium-ion and open 

nanopores of TThPP nanofilm, LIB based on 2D TThPP nanofilm 

exhibited a high specific capacity of 195 mAh g-1 at the current 

density of 4 A g-1 (Fig. 22d), which was higher than most 

reported LIBs based on OEMs and IEMs.258 Besides, high specific 

capacity (381 mAh g-1) was obtained after 200 cycles at the 

current density of 1 A g-1, demonstrating the promising 

potential of 2D TThPP nanofilm for high power and energy 

densities MIBs application.258 

Covalent triazine frameworks (CTFs), as one representative of 

COFs, can also be used to fabricate amorphous morphologies. 

This could be achieved by the control of the self-polymerization 

reaction of cyano-containing monomers with ZnCl2 catalyst at a 

relatively high temperature (350~450 oC). For example, a BPOE 

COF containing benzene rings and triazine rings was synthesized 

through a self-polymerization method catalyzed by ZnCl2, which 

exhibited 2D nanosheet morphology with 300 nm in width and 

4 nm in thickness (Fig. 22e) and high electronic conductivity 

(4.09×10-6 S cm-1).102 Besides, SIB based on BPOE COF retained 

80% of its initial capacity after 7000 charge-discharge cycles and 

exhibited reasonable rate capability ranged from 0.1 A g-1 to 10 

A g-1 (Fig. 22f), demonstrating stable molecular structure and 

fast sodium ion diffusion rate of BPOE COF.102 Moreover, 

another COF with the same chemical structure as BPOE COF was 

prepared, which also displayed 2D lamellar nanosheet 

morphology (Fig. 22g).69 Generally, OEMs have fast ions 

diffusion kinetics in LIBs or SIBs may not display fast Mg2+ 

diffusion kinetics due to the large radius of Mg2+ comparing with 

Li+ or Na+.69 However, the amorphous 2D morphology with large 

surface area (428 m2 g-1) of this COF not only facilitate the 

filtration of liquid electrolyte into the interior space of COF but 

also shorten the Mg2+ diffusion distance, leading to ultrafast 

Mg2+ diffusion and excellent rate performance (Fig. 22h), 

ultimately.69 Also, the magnesium-ion battery based on this COF 

active material displayed ultra-slow capacity loss speed 

(0.0196% per cycle) at a high current density of 5 C, which was 

one of the most outstanding rechargeable magnesium-ion 

batteries.69 

Even though COFs had rich electroactive sites, most COFs 

exhibited serious aggregation due to the strong π-π interactions 

among layers of COFs, which could block redox-active sites and 

limit the reversible capacity and ion diffusion rate in 

batteries.268 This issue can be addressed by the in-situ growth 

Fig. 22 (a) HR-TEM image of TQBQ-COF. (b) Rate capability of SIB with TQBQ-COF electrode.79 Reproduced with permission from ref. 79. Copyright 2020, Springer Nature. (c) TEM 

image of exfoliated TThPP nanofilm. (d) Rate capability of LIB with TThPP nanofilm anode.258 Reproduced with permission form ref. 258. Copyright 2016, American Chemical Society. 

(e) TEM image of BPOE COF. (f) Rate capability of SIB based on BPOE COF active material.102 Reproduced with permission from ref. 102. Copyright 2013, Springer Nature. (g) TEM 

images of COF (The insert is HR-TEM image of COF). (h) Rate capability of magnesium-ion battery with COF cathode.69 Reproduced with permission from ref. 69. Copyright 2020, 

American Chemical Society. 
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on 2D inorganic templates. The resultant 2D OEMs not only 

effectively prevent the agglomeration of COFs but also 

significantly enhance the electron conduction and ions diffusion 

rate within COFs.228 As shown in Fig. 23a, multiple layers of 

pristine poly(imide-benzoquinone) (PIBN) COF without the 

addition of graphene were agglomerated as nanoflakes.228 On 

the contrary, 2D PIBN-graphene (PIBN-G) nanosheet was 

fabricated via in-situ polymerization between tetramino-

benzoquinone (TABQ) and pyromellitic dianhydride (PMDA) 

precursors, which grew on the surface of graphene.228 Besides, 

the 2D thin crystalline nanosheets morphology of PIBN-G (Fig. 

23b) had an effective inhibition effect on the agglomeration of 

PIBN, facilitating metal ions diffusion into micropores within 

PIBN-G, ultimately.228 LIBs based on 2D PIBN-G nanosheet 

displayed much better rate capability (Fig. 23c) than that based 

on pristine PIBN owing to the more exposed electro-active sites 

and enhanced electronic conductivity of 2D PIBN-G nanosheet, 

ultimately.228 However, the energy density of the battery 

decreased with the addition quantity of graphene, which was a 

trade-off that should be taken into careful consideration. 

Therefore, the ideal method for preventing COFs from 

agglomeration may be self-exfoliation, i.e., fabricating COFs 

with fewer layers that resist agglomeration by the interior 

forces among molecular structures without the addition of 

redox-inactive templates.262, 269-272 

For the controlled precipitation, 2D nanosheets with lamellar 

morphology could be formed by the strong in-plane covalent 

forces and relative out-of-plane van der Waals forces.74 For 

instance, bulky disodium terephthalate (Na2TP) was synthesized 

by directly adding terephthalic acid into a benzene-containing 

solution, which exhibited a spheroidal structure with a diameter 

of about several micrometers (Fig. 23d).264 In strong contrast, 

2D Na2TP nanosheet  (Fig. 23e) prepared by adding 

dimethylformamide solution of terephthalic acid into the 

benzene-containing mixed solution.264 SIB based on 2D Na2TP 

nanosheet displayed a high reversible capacity (248 mAh g-1) at 

the current density of 25 mA g-1, which was very close to its 

theoretical capacity (255 mAh g-1).264 Besides, SIB with Na2TP 

active material exhibited much better rate capability (Fig. 23f) 

than that with bulky Na2TP due to the 2D nanosheet structure 

of Na2TP.264 

4.3.2 Top-down synthesis for 2D OEMs. 2D OEMs, such as 

COFs, tends to agglomeration due to the intermolecular π-π and 

van der Waals interactions among layers, leading to reduction 

of exposed electro-active sites and specific energy densities, 

ultimately.260, 273 Although 2D OEMs could be fabricated by in-

situ growth of COFs on 2D inorganic frameworks, the addition 

of electro-inactive components could decrease the overall 

energy density of batteries. 2D OEMs could be prepared via top-

down synthesis, i.e., the post-exfoliation of COFs.226 Four top-

down synthesis methods for 2D OEMs are introduced in this 

work, including ball-milling, chemical exfoliation, super-

sonication, and antisolvent method.227, 259, 274 

Ball-milling could be the most reported method of exfoliation 

method, which utilizes mechanical force to overcome the weak 

π-π interactions among layers but does not affect the strong 

covalent bond of layered materials. For examples, although an 

anthraquinone-based COF (DAAQ-TFP-COF) had 2D 

morphology, it exhibited bulky and stacked morphology due to 

the π-π interactions of DAAQ-TFP-COF (Fig. 24a).51 In contrast, 

DAAQ-ECOF (Fig. 24b) was prepared by delaminating DAAQ-

TFP-COF through ball-milling under a vibration frequency for 0.5 

h at 50 Hz, which displayed ultrathin and transparent nanosheet 

structure with thickness around 5 nm and high surface area 

about 216 m2 g-1.51 The specific capacity of LIB based on DAAQ-

ECOF (Fig. 24c) was much higher than that of LIB with DAAQ-

TFP-COF during 1800 cycles because more electro-active sites 

of DAAQ-ECOF were exposed after ball-milling.51 

The delamination of bulky fluorinated covalent triazine 

framework (FCTF) (Fig. 24d) by ball-milling is another excellent 

example to demonstrate the effectiveness of the ball-milling 

method.275 The exfoliated FCTF (E-FCTF) displayed ultrathin and 

layered structure (Fig.24e), which facilitated the fast lithium ion 

diffusion kinetics and large surface area (583 m2 g-1).275 

Moreover, LIB based on E-FCTF exhibited much improved 

specific capacity (1035 mAh g-1) compared with that based on 

Fig. 23 SEM images of (a) PIBN and (b) PIBN-G. (c) Rate capabilities of LIBs based on PIBN and PIBN-G.228 Reproduced with permission from ref. 228. Copyright 2018, Wiley-VCH. SEM 

images of (d) bulky Na2TP and (e) Na2TP nanosheet. (f) Rate capabilities of SIBs based on bulky Na2TP and Na2TP nanosheet, respectively.264 Reproduced with permission from ref. 

264. Copyright 2015, Elsevier. 
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pristine FCTF (576 mAh g-1) after 300 cycles at the current 

density of 0.1 A g-1 (Fig. 24f).275 

Ball-milling also could be used to delaminate COFs-CNT 

composite OEMs.276 As shown in Fig. 24g and h, E-CIN-1/CNT 

displayed a more ultrathin and transparent layered structure 

than CIN-1/CNT, leading to a higher surface area of E-CIN-1/CNT 

(525.1 m2 g-1) than CIN-1/CNT (265.3 m2 g-1).276 The specific 

capacity of LIB with E-CIN-1/CNT was higher than that with CIN-

1/CNT during 250 cycles at 0.1 A g-1 (Fig. 24i), which possibly 

result from the improved lithium ion diffusion kinetics and 

better electrolyte infiltration within E-CIN-1/CNT.276 

Besides, 2D OEMs also could be exfoliated by chemical 

exfoliation. As an example of chemical exfoliation, IISERP-COF7 

prepared through a Schiff-base reaction between 2,4,6-

triformylresorcinol and 2,6-diaminoanthracene exhibited 

several layers stacking aggregation (Fig. 25a).277 To alleviate the 

severe stacking among layers, Diels-Alder reaction between 

maleic anhydride and anthracene moieties on IISERP-COF7 

successfully exfoliated IISERP-COF7 into lower aggregation 2D 

sheet-like morphology structure, resulting in IISERP-CON2  (Fig. 

25b).277 And LIB based on IISERP-CON2 displayed a much higher 

specific capacity than that based on pristine IISERP-COF7 (Fig. 

25c).277 The applicability is dependent on the functional groups 

on the layer structure. In this case, this chemical exfoliation 

method was not suitable for COFs without anthracene moieties. 

A new imine-based bulky TFPB-COF was prepared through 

Schiff-base reaction, which displayed multilayer stacked 

morphology structure (Fig. 25d), leading to an increase of 

buried electro-active sites for redox reaction with lithium 

ions.278 After reduction reaction happened between KMnO4 and 

HClO4 in the mixture containing TFPB-COF, 2D E-TFPB-

COF/MnO2 composite nanostructure was fabricated after 

intercalation of MnO2 nanoparticles into TFPB-COF layers, 

which effectively prevent the severe stacking of E-TFPB-

COF/MnO2 layers (Fig. 25e).278 With the few-layered 2D 

nanostructure of  E-TFPB-COF/MnO2, LIB exhibited higher 

specific capacity (1359 mAh g-1) than the total specific capacities 

of MnO2 and E-TFPB-COF after 300 cycles (Fig. 25f), 

demonstrating the positive effects of chemical exfoliation on 

improving battery capacity.278 

Super-sonication is another effective and facile approach to 

fabricate 2D OEMs.279 For instance, organic tetra-lithium salts of 

2,5-dihydroxyterephthalic acid (Li4C8H2O6, Li4DHTPA) with bulky 

morphology were prepared by reaction of 2,5-

dihydroxyterephthalic acid (DHTPA) with lithium methoxide.279 

Li4DHTPA nanoparticles with varying diameters of ~50-200 nm 

could be obtained by decreasing the size of bulky Li4DHTPA 

through ball-milling, which still exhibited severe 

agglomeration.279 Subsequently, 2D lamellar Li4DHTPA with 

several nanometers thickness of each sheet was fabricated by 

super-sonication in three different solvents, i.e., methanol, 

ethanol and diethyl ether.279 Better nanosheet morphology of 

Li4DHTPA could be obtained by super-sonication under 

methanol solvent than ethanol and diethyl ether.279 Besides, 

LIBs based on 2D Li4DHTPA nanosheet exhibited better overall 

battery performance than LIBs with bulky Li4DHTPA and 

Li4DHTPA nanoparticles.279 

2D OEMs also could be fabricated by antisolvent methods, 

which were described in the top-down synthesis of 0D and 1D 

OEMs.149 As an example, after NG-HCP, a bulky COF was 

synthesized by polymerization, and 2D NG-HCP nanosheet was 

Fig. 24 TEM images of (a) DAAQ-TFP-COF and (b) DAAQ-ECOF. (c) Long-term cycle performances of LIBs based on DAAQ-TFP-COF and DAAQ-ECOF, respectively.51 Reproduced with 

permission from ref. 51. Copyright 2017, American Chemical Society. TEM images of (d) FCTF and (e) E-FCTF. (f) Long-term cycle performances of LIBs based on FCTF and E-FCTF, 

respectively.275 Reproduced with permission from ref. 275. Copyright 2019, American Chemical Society. TEM images of (g) CIN-1/CNT and (h) E-CIN-1/CNT. (i) Long-term cycle 

performances of LIBs based on CIN-1/CNT, E-CNT and E-CIN-1/CNT at 0.1 A g-1, respectively.276 Reproduced with permission from ref. 276. Copyright 2019, Wiley-VCH. 



ARTICLE Journal Name 

54 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

successfully prepared by the antisolvent method with 

methanesulfonic acid as the solvent and deionized water as 

antisolvent.149 LIB based on the as-prepared 2D NG-HCP 

nanosheet active material exhibited a high specific reversible 

capacity of 257 mAh g-1 at 2.3 A g-1 and stable long-term cycle 

performance, demonstrating the superior advantages of the 

antisolvent methods in the preparation of 2D OEMs for MIBs.149 

4.4 3D OEMs 

The unsatisfactory rate capability and insufficient electro-active 

sites stemmed from low electronic conductivities (including 

conducting polymers) and insufficient surface area to expose 

active electrochemical reactive sites are major challenges 

towards the large-scale application of OEMs in MIBs.280 The 

construction of 3D nanostructured OEMs could simultaneously 

address these challenges. Though the 3D nanostructure of 

OEMs can be fabricated via careful control of reaction 

conditions (See Table 3), it is too sophisticated and costly for 

scale-up production. Fortunately, a wide spectrum of 

conductive inorganic templates including CNT, graphene, 

graphene oxide (GO) and reduced graphene oxide (rGO) are 

readily available for the construction of 3D OEMs.115, 281, 282 Via 

bottom-up and top-down synthesis, 3D OEMs could be 

fabricated by integrating organic materials with these 

conductive inorganic frameworks to build an electron-

conducting network and enlarge surface area which leads to 

enhancement of rate capabilities and reversible capacities of 

batteries.172, 237 

4.4.1 Bottom-up synthesis for 3D OEMs. 3D OEMs are 

commonly synthesized via the assistance of templates, such as 

inorganic nanostructured frameworks (graphene, graphite or 

CNT). In the bottom-up synthesis, polymer precursors (i.e., 

small organic molecules) could be evenly distributed onto the 

templates, and the resultant 3D OEMs have established 

extensive contact with the inorganic substrates after the in-situ 

polymerization.176, 283-285 Therefore, high electronic conductivity 

and fast metal ions diffusion rate of the 3D OEMs can be 

expected for MIBs. For example, A polyimide@CNT (PI@CNT) 

was fabricated through in-situ polymerization of PI monomers 

in NMP solvent with the existence of CNT.122 CNTs were 

distributed randomly within 3D PI/CNT OEMs and a 3D 

conductive network was formed among different domains of PI 

(Fig. 26a).122 Impressively, the reversible capacities of 

multivalent-ion batteries (Mg2+ and Al3+) at 20 C were closely 

equivalent to that of LIBs, and retained 55% of the reversible 

capacities at 0.5 C due to the fast electron conduction and high 

ions diffusion through the 3D conductive matrix (Fig. 26b).122 

Functionalized graphene sheets (FGSs) were added into the 

precursor of poly(anthraquinonyl sulfide) (PAQS) and being 

grown uniformly by PAQS after in-situ polymerization (Fig. 

26c).286 Compared with the electronic conductivity (1×10-11 S 

cm-1) and surface area (30 cm2 g-1) of pristine PAQS, PAQS-FGS-

b (26 wt.% FGS) exhibited much higher electronic conductivity 

(6.4×10-3 S cm-1) and larger surface area (153 cm2 g-1), leading 

to the higher utilization ratio (95%) of electro-active sites.286 

Due to these merits, LIB based on 3D PAQS-FGS OEMs exhibited 

better rate capabilities than that based on pristine PAQS 

electrode (Fig. 26d), especially at high current density.286 

2D material rGO is another popular template for the 

construction of 3D OEMs.  As an example, rGO was added into 

the monomers of polyimide (PI), rGO was wrapped by PI and 

forming a 3D graphene–polyimide (GF-PI) OEM after the in-situ 

polymerization (Fig. 26e).287 The size of PI in GF-PI was ca. 100-

150 nm, was much smaller than that of pristine PI (0.5-1 μm).287 

This suggests that the template synthesis could be used to 

control the growth of polymer.287 Furthermore, the as-prepared 

3D GF-PI OEM could be compressed into a 30 μm-thick 

electrode.287 Most impressively, without the addition of any 

binder and conductive carbon, the fabricated 3D GF-PI OEM still 

displayed high electronic conductivity (2.38 S cm-1).287 

Moreover, the resultant 3D GF-PI OEM displayed a better rate 

Fig. 25 HR-TEM images of (a) IISERP-COF7 and (b) IISERP-CON2. (c) Cycle performances comparison between LIBs based on IISERP-COFs and IISERP-CONs, respectively.277 Reproduced 

with permission from ref. 277. Copyright 2019, Wiley-VCH. TEM images of (d) TFPB-COF and (e) E-TFPB-COF/MnO2. (f) Cycle performances of LIBs based on TFPB-COF, E-TFPB-COF 

and commercial MnO2, respectively.278 Reproduced with permission from ref. 278. Copyright 2019, Wiley-VCH. 
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capability (102 mAh g-1 at 4 A g-1) compared with LIBs based on 

the corresponding PI cathodes (Fig. 26f).287 

Even though the addition of conductive carbon additives 

benefits the increase of reversible capacities due to the 

enhancement of electronic conductivities of 3D OEMs, the 

excessive addition of conductive carbon additives could 

decrease the energy densities of batteries significantly.288 In 

reality, the preparation of 3D OEMs with a small amount of 

conductive carbon additives is extremely challenging in decent 

electrochemical performance. Sun et al. fabricated a 3D 

carbonyl-based OEM (PI10G) with only ten wt.% addition of 

graphene (Fig. 26g) through in-situ polymerization of polyimide 

with graphene.288 Such an OEM exhibited a much better rate 

capability (159.8 mAh g-1) than PI5G (71.1 mAh g-1) and pristine 

PI (18.9 mAh g-1) due to the significant enhancement of 

electronic conductivity of PI10G (Fig. 26h).288 Moreover, LIB 

with PI10G could retain 86.6 mAh g-1 after 1000 cycles at the 

current density of 50 C, demonstrating its excellent power 

density and high specific capacity.288 

4.4.2 Top-down synthesis for 3D OEMs. 3D OEMs could be 

prepared by top-down methods, i.e., to disperse the bulky 

OEMs into the 3D structures of other materials. This process not 

only mitigates the dissolution of organic material in electrolytes 

but also realizes the fabrication of free-standing, flexible 3D 

OEMs (without the addition of any binder).236, 289, 290 For 

instance, Vat green 8 (VG 8) was a promising organic material to 

fabricate MIBs with high specific energy density due to the 

abundance of electroactive sites of VG 8.291 However, the 

severe dissolution of VG 8 in electrolytes and reduction of 

electroactive sites buried by stacking structure hindered their 

practical application as OEMs.291 Through intercalating VG 8 

into graphene layers, VG and graphene were connected via 

weak π-π interactions, forming a 3D VG-GF OEM (Fig. 27a).291 

Such a structure prevented the severe aggregation and stacking 

of VG 8, significantly shortened the lithium ion diffusion 

distance and provided fast electrons conduction, leading to 

better rate capability compared to pristine VG 8 (Fig. 27b).291 As 

another example, a 3D free-standing P(DA87-stat-

LiAMPS13)/CNT OEM was fabricated through facile vacuum 

filtration of the mixture of P(DA87-stat-LiAMPS13) and CNTs.202 

Without the addition of binders, 3D P(DA87-stat-LiAMPS13)/CNT 

OEM was prepared via the bio-adhesive function of catechol 

pendant groups on P(DA87-stat-LiAMPS13) (Fig. 27c), which  

 

Fig. 27 (a) TEM image of VG 8/G-0.5 (Insert: HR-TEM image of VG 8/G-0.5). (b) Rate 

capabilities of LIBs based on various electrodes.291 Reproduced with permission from ref. 

291. Copyright 2016, Wiley-VCH. (c) TEM image of 3D P(DA87-stat-LiAMPS13) CNTs film. 

(d) Rate capabilities of LIBs based on 3D P(DA)100/CNT and P(DA87-stat-LiAMPS13)/CNTs 

OEMs.202 Reproduced with permission from ref. 202. Copyright 2017, Wiley-VCH. (e) SEM 

image of 3D PDHBQS-30% SWCNTs film. (f) Rate capabilities of LIBs based on PDHBQS, 

SWCNTs-PDHBQS, and SWCNTs OEMs.292 Reproduced with permission from ref. 292. 

Copyright 2018, Wiley-VCH. 

Fig. 26 (a) TEM image of PI@CNT. (b) Rate capabilities of Li, Mg and Al batteries based on 3D PI@CNT OEM.122 Reproduced with permission from ref. 122. Copyright 2018, Wiley-

VCH. (c) HR-TEM image of PAQS-FGS-b. (d) Cycle performances of PAQS and PAQS-FGSs at different C-rates.286 Reproduced with permission from ref. 286. Copyright 2012, American 

Chemical Society. (e) SEM image of GF-PI. (f) Rate capabilities of GF-PI, C-PI and G-PI.287 Reproduced with permission from ref. 287. Copyright 2017, The Royal Society of Chemistry. 

(g) HR-TEM image of PI10G. (h) Rate capabilities of LIBs based on PI10G, PI5G and pure PI.288 Reproduced with permission from ref. 288. Copyright 2018, Wiley-VCH. 
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exhibited excellent rate capability and high reversible capacity, 

due to the resulted 3D continuous conductive network afforded  

enhanced ions diffusion within electrode during 

charge/discharge process (Fig. 27d).202 

With ideal OEMs, binder-free and current collector-free 

electrodes could be fabricated, which could further improve the 

energy densities of batteries. A 3D PDHBQS-SWCNTs film was 

fabricated by vacuum filtrating the mixture of PDHBQS and 

SWCNTs, which formed 3D interconnected networks (Fig. 

27e).292 3D PDHBQS-SWCNTs films with such high electronic 

conductivities (125 S cm-1 for PDHBQS-30% SWCNTs), the 

current collector (such as aluminum foil or copper foil) was no 

longer needed.292 3D PDHBQS-SWCNTs films displayed a better 

rate capability (Fig. 27f) than the conventional film electrodes 

(the one with binder and current collectors) in LIBs.292 The as-

prepared 3D interconnected network of PDHBQS-SWCNTs films 

are not only electronically conductive but also mechanically 

robust, evidenced by the high Young’s modulus (2.8 GPa) and 

tensile strength (20.1 MPa).292 

5. Conclusion and perspectives 

5.1 Conclusion 

In summary, significant efforts have been devoted to exploring 

the new charge/discharge mechanism, novel active bonds, 

suitable electrolyte, compatibly aqueous or non-aqueous 

battery systems, and extend the application of OEMs in MIBs. 

The development of next-generation OEMs for MIBs could be 

achieved by molecular and morphological engineering. The 

molecular engineering on the OEMs could be carried out from 

the following two aspects: (1) the introduction of the redox 

mechanisms of n-type, p-type, and bipolar-type OEMs; (2) the 

grafting of various redox groups, resulting in 6 categories of 

OEMs, including carbonyl, sulfur-containing, nitrogen-

containing, conducting polymer, radical-based, and 

overlithiated OEMs, to systematically reveal their molecular 

reaction in battery process, materials merits and challenges. 

Then molecular engineering of OEMs facilitates the design and 

tuning of molecular backbones (i.e., small OEMs, polymeric 

OEMs) associated with the different functional groups (i.e., 

redox groups, electron-withdrawing, or electron-donating) 

regarding the criteria of energy density, power density, and long 

cycle lifespan.  

The morphological engineering could tailor the interface 

properties of OEMs and electrolytes, forming 0D, 1D, 2D, and 

3D nanostructured OEMs through the bottom-up and top-down 

methods, facilitate fast electronic conduction and ions diffusion 

and stable electrode structure. The challenges of low capacity, 

high solubility, low electronic conductivity, and low stability 

could also be addressed by forming composites with other 

functional materials. This provides effective and inspiring 

guidance to construct high-performance OEMs for practical 

MIBs application. 

5.2 Perspectives 

The affordable, recyclable, and electrochemically reversible 

OEMs have shown great potential to be energy storage and 

conversion materials with high capacity, safety, and cost-

effectiveness. In the as-aforementioned sections, we 

established that significant progress on addressing the 

challenges of OEMs had been achieved via molecular and 

morphological engineering during the synthesis of OEMs. 

From the viewpoint of the practical application of OEMs, the 

strategy, i.e., the incorporation of OEMs with functional and 

conductive nanomaterials, can be applied to address these 

challenges in the course of the fabrication process of the 

electrodes, especially for large-scale application of OEMs to the 

rechargeable battery systems.  

i) Dissolution of OEMs in electrolyte solution remains an 

inherent drawback, especially after nanosizing. In the course of 

the electrode fabrication. The incorporation of OEMs with other 

functional materials in the recipe of electrode fabrication. the 

incorporation with functional additives, such as polar 

conductive materials to incur intra-/inter-molecular forces (e.g., 

extended conjugation, mixing with inorganic conductive 

substrates) may solve/mitigate the dissolution problems of 

OEMs.293  

ii) Low conductivity of OEMs and aggregation of 

nanostructured OEMs leads to a decrease in capacity and rate 

capability.294-296 The incorporation of OEMs with conducting 

nanomaterials, such as graphene and carbon nanotubes, could 

prohibit the aggregation and solve the dilemma of low 

conductivity of OEMs.297, 298 

From the viewpoint of the design and development of OEMs, 

strong theoretical guidance must be adopted to improve the 

usefulness and efficiency of OEMs. The traditional trial-and-

error method costs a large amount of operation time and 

resources in the selection, design, and synthesis of OEMs. 

Theoretical and computational chemistry on OEMs could offer 

us a series of potential benefits, including the prediction of the 

ideal molecular structure, functional groups, and morphologic 

configurations, and even synthesis cost. Over nine million 

organic compounds and corresponding synthesis methods are 

the firmly statistical foundation for machine learning in artificial 

intelligence (AI). AI enables the extraction of OEMs design, 

characterization and electrochemical performance of OEMs 

from different publications and other domains, making the 

OEMs structure and properties easily accessible. Furthermore, 

AI can automatically research, design, and optimize novel OEMs 

with the most straightforward synthesis steps and the lowest 

cost. The theoretical models of OEMs could be built and run 

through computational methods (i.e., density functional theory 

and molecular dynamics) to predict the physical properties and 

battery behaviors, which have already been used in previous 

literature.36 Therefore, the broad utilization of computational 

chemistry can accelerate the promotion of a new generation of 

OEMs for energy storage. 

From the viewpoint of practical applications, OEMs could be 

used for fabricating symmetrical or asymmetrical electrodes of 

solid-state electrolyte utilization for all-solid-state organic 

batteries (ASSSBs) configuration, basing on the sustainability, 

high flexibility, high capacity, and abundant resource from 
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biomass and industrial products. The ASSOBs will be one of the 

most promising flexible battery systems for smart energy 

devices because of their high competitiveness in safety and 

whole gravimetric/volumetric energy density, along with a low 

price. The cycle stability, energy capacity, and power density 

could be enhanced in ASSOBs because the inherent high 

solubility issue in organic electrolytes can ultimately be 

overcome in the solid-state electrolyte. This novel battery 

design, by far, already has a successful case in the ASSOBs 

configuration of Na4C6O6 cathode/Na3PS4 (NPS) solid 

electrolyte/Na4C6O6 anode.241 Na4C6O6 enables the storage of 2 

Na+ at the two phenolate groups during the high working 

potential as cathode, while it stores additional 2 Na+ at the two 

carbonyl groups at the low potential anode. 

OEMs could be universal electrode materials for dual-ion 

batteries (DIBs), undergoing the reversible 

intercalation/extraction of anions (e.g., PF6
-, ClO4

-, BF-and TFSI- 

et al.) at positive electrode and cations (e.g., Li+, Na+, K+
, et al.) 

at the negative electrode at the same time. This unique DIBs 

could significantly increase the rate capability and energy 

density due to it allows the simultaneous reactions on the two 

side of the electrode. OEMs could act as the anion-accepting 

cathode materials in DIBs to replace the traditional graphite, 

such as thianthrene,299 coroene,300 and terephthalate.301 The 

unique anion intercalation reaction at the cathode is favorable 

to a high working potential and fast battery kinetics, leading to 

the enhanced energy density and power density. According to 

the redox mechanism of OEMs, the high voltage stable and 

active OEMs, i.e., p-type radical OEMs and conducting 

polymers, are recommended to store different anions with high 

capacity and stability. 
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3.1. INTRODUCTORY REMARKS 

The findings and development in this chapter were published in an article in J. Mater. Chem. 

A 2021, 9, 18306-18312. 

In order to demonstrate the effectiveness of the proposed strategy, i.e., molecular engineering, 

two representative small molecule OEMs, cyanuric acid (CA) and trithiocyanuric acid (TTCA), 

an imide and a thioimide, respectively, are used as cathode materials in lithium ion batteries 

(LIBs). These OEMs could offer a high theoretical capacity of 1246 and 908 mAh g-1, 

respectively. I have theoretically and experimentally verified that the H-transfer mechanism at 

CA and TTCA cathodes is responsible for the high practical capacities of 464.6 and 820.6 mAh 

g-1, respectively. The H-transfer reaction was confirmed by ex-situ Raman and XPS studies, 

and it can be directly revealed by detecting the signal of C-H in the discharged products via 

NMR measurements. In addition, the higher electrochemical activity of thioimide groups 

compared to imide groups as well as the detailed reaction mechanisms are revealed by the DFT 

calculations. Such an H-transfer reaction mechanism could provide an effective guideline in 

choosing organic cathode materials for lithium-ion storage and expands the design of high-

energy electrode cathode materials for other metal-ion batteries.  
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4.1. INTRODUCTORY REMARKS 

The findings and developments in this chapter were published in an article in ACS Nano 2020, 

14 (9), 12016-12026. 

In order to demonstrate the effectiveness of the proposed molecular engineering strategy, I 

synthesized a large organic molecules: the Cu (II) salt and benzenehexathiolate (BHT) were 

used as the precursors for the synthesis of robust and redox-active 2D MOFs (or called MOPs) 

material, i.e., [Cu3(C6S6)]n, namely Cu-BHT. The Cu-BHT MOPs have a highly conjugated 

structure, affording a high electronic conductivity of 231 S cm-1 that could further be increased 

upon the lithiation in the lithium-ion battery (LIBs). A reversible 4-electrons reaction reveals 

the Li storage mechanism of the Cu-BHT for a theoretical capacity of 236 mAh g-1. The as-

prepared Cu-BHT cathode delivers an excellent reversible capacity of 175 mAh g-1 with ultra-

low capacity deterioration (0.048% per cycle) upon 500 cycles at a high current density of 300 

mA g-1. This work suggests a practical strategy for the development of OEMs in high-power 

energy storage materials.  
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5.1. INTRODUCTORY REMARKS 

The findings and development in this chapter will be submitted to Nature Communications.  

In this work, in order to further verify the proposed strategy, I increased the size of OEMs to 

long chain polymers.  Poly(TEMPO-acrylamide) (PTAm), an OEM implanted with 2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO) was synthesized for lithium ions storage. The unique 

polymeric structure and the radical centers surrounding with the unpaired electrons facilitate 

the outstanding stability of PTAm. In this work, PTAm are synthesized as a cathode material 

to reversibly store PF6
- ions in a potassium dual-ion battery (KDIB). The nitroxyl radicals are 

the redox-active groups on the as-prepared PTAm polymers, allowing fast reaction kinetics 

with the PF6
- anions. More interestingly, using morphological engineering, the as-prepared 

polymer is evenly coated onto external and internal walls of carbon nanotubes (CNTs), leading 

to a nanostructured PTAm/CNTs composite with significantly boosted surface areas and 

electronic conductivity compared with the bulk PTAm. As a result of the much-enhanced mass 

transport of the anions and current collection efficiency at the PTAm/CNT cathode, the as-

prepared KDIB delivered a remarkable specific capacity of 108 mAh g-1 at 2 A g-1, which is 

near to its theoretical value of 119 mAh g-1, with excellent rate capability and robust cycling 

stability. It is envisaged that the as-proposed strategy of the nanostructured PTAm@CNTs 

composite could open up a new avenue in designing polymer OEMs and creating 

nanostructured OEMs composite with OEMs and conductive nanostructured materials 
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Abstract 

Organic electrode materials are regarded as one of the most promising cathode materials for 

next-generation electrochemical energy storage devices due to the inherent advantages of high 

molecular flexibility. In this work, for the first time, Poly(TEMPO-acrylamide) (PTAm) was 

synthesized as a cathode material for potassium dual-ions batteries (KDIBs). Carbon nanotubes 

(CNTs) assisted morphological engineering process was carried out to the PTAm bulk 

materials to create a conductive nanostructured composite, namely PTAm@CNTs. Systematic 

materials characterization and electrochemical evaluation suggest that the as-prepared 

PTAm@CNTs nanocomposite possesses significant surface area and nanopores, excellent 

electronic conductivity, and exceptional ionic transfer. Without the need to use carbon black 

as the conductive additive through the traditional electrode fabrication process, the 

PTAm@CNTs cathode reversibly stores PF6
- anions in KDIBs, delivering high energy density, 

rate capability, and robust cycling stability. The nitroxyl radicals (N-O.), the redox-active 

groups on the PTAm are identified as the active sites for the fast reaction kinetics with the PF6
- 

anions. As a result, the PTAm@CNTs cathode delivers a high specific capacity of 108 mAh g-
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1 at 2 A g-1, which is near to its theoretical value of 119 mAh g-1, and a long cycling life span 

of up to 400 times. And a capacity around 49 mAh g-1 is obtained at the high rate of 4 A g-1 

(equal to 33.6 C), showing a very high rate performance.  

 

Keywords: Poly(TEMPO-acrylamide), morphological engineering, potassium dual-ion 

battery, organic electrode materials, carbon nanotubes 

 

Highlights 

1. Poly(TEMPO-acrylamide) (PTAm) is synthesized as organic cathode materials with 

Tempo and acrylamide precursors. 

2. CNTs-assisted morphological engineering of PTAm creates nanostructured  

PTAm@CNTs composite 

3. The PTAm@CNTs cathode presents the merits of boosted surface area, enhanced 

electronic conductivity, and reinforced ionic transfer. 

4. Fast electrostatic adsorption kinetics of PF6
- with the PTAm@CNTs cathode facilitates 

high rate capability in potassium dual-ions battery (KDIB). 
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Introduction 

Lithium ion batteries (LIBs), as a high energy and high power density energy storage device 

for portable electronic appliances and electric vehicles, have dominated the market over 20 

years.1 However, the state-of-the-art LIBs are substantially limited by the low availability, high 

cost, and relevant environmental issues of major elemental constituents, including Li, Co, Ni, 

and Cu, which cannot meet the unprecedented demand on high quality and low-cost energy.2 

With the increasing awareness of the economic and environmental costs of natural resource 

consumption, the design, production, and application of advanced energy storage devices will 

promote the growth of the global green economy and meet the requirements of global carbon 

neutrality in the near future. For this reason, we not only need to further improve the energy 

density and safety of the rechargeable batteries, but also need to adopt sustainable electrode 

materials in the design of a new generation of energy storage devices.  

Organic electrode materials (OEMs), with the natures of highly cost-effective, eco-friendly and 

high specific energy density, could be a promising alternative to address these challenges and 

might play an important role in the next generation of energy storage devices.3, 4 The chemical 

and structural tunability of OEMs facilitate the accommodation of different size of ions in a 

wide range of metal ion batteries (MIBs).5, 6 Furthermore, the soft molecular backbone of 

organic materials allow for high flexible electrode preparation.7 Nevertheless, OEMs 

commonly suffer from two major issues, i.e., serious dissolution in organic electrolyte and poor 

electronic conductivity, 8 which need to be addressed for the practical application in MIBs. 

Potassium ion batteries (KIBs) have attracted great attention because the potassium element 

has high earth reserve (up to 2.0900 wt% abundance), low cost and the similar 

chemical/electrochemical properties with lithium metal.9 The KIBs enable to provide the high 
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operation voltage due to its low K+/K redox potential of -2.93 V (vs. standard hydrogen 

electrode, SHE), compared with the Li/Li+ couple of -3.05 V (vs. SHE).10 Unfortunately, the 

KIBs still face challenges in exploiting stable electrode materials to store the large K+ ions 

(1.38 Å) to avoid the deformation of the lattice structure during the repeated 

insertion/extraction process. 

Potassium-based dual-ions batteries (KDIBs) present a new platform for advanced 

rechargeable batteries.11 Beyond the traditional “rocking chair” principle in the LIBs, “dual-

ions” batteries (DIBs) emerge as a striking concept to achieve high energy density, low-cost, 

and environmentally friendly energy storage. In KDIBs, the anode and cathode are capable to 

simultaneously accommodate the cations (i.e., K+) and bulk anions (i.e., BF4
-, PF6

-), 

respectively, allowing for high operating voltage and fast charge carriers mobility in the 

electrolyte.12 Tang et al. reported the KDIBs in 2017, where expanded graphite (EG) was 

applied as cathode and the metal foil (including K, Na, Sn, and Pb) were employed as the 

anode.13 The PF6
- anion intercalation/extraction occurred on the graphite cathode, whereas the 

K-metal alloying/de-alloying reactions were identified on the metal anode. KDIBs of dual-

carbon electrodes, i.e., the EG cathode and mesocarbon microbead (MCMB) anode were also 

reported.11 The as-prepared MCMB facilitates the K+ mitigation and intercalation in the 

graphitic layers, while the EG cathode enables the PF6
- storage in the graphite layers. Besides 

the carbonaceous materials, organic compounds also are a suitable candidate for KDIBs 

cathodes. The polytriphenylamine (PTPAn) was successfully applied as a cathode for anions 

storage in KDIBs by Lu’s group.14 The nitrogen atoms as redox centers on the PTPAn interact 

with PF6
- ions, where N atom lose/gain the electrons to reversibly adsorb/release PF6

- during 

the charge/discharge process. Since most of the existing KDIBs have a low current density and 
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insufficient energy density, more efforts need to be devoted to exploring suitable cathode 

materials to meet the requirement of high rate capability and high energy density. 

In this work, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical monomer is proposed to 

prepare Poly(TEMPO-acrylamide) (PTAm) as an electroactive material via a series of typical 

organic synthesis reactions (Fig. S1-S3). The PTAm obtain a stable nitroxyl radical (N-O.) in 

a neutral state with the unpaired electrons between the nitrogen and oxygen atoms, enabling an 

inherently fast electron transfer to reversibly store PF6
- ions at a relatively high working voltage 

plateau of around 4.0 V (vs. K+/K). 15, 16 The morphological engineering of the PTAm was 

carried out by evenly distributing PTAm into carbon nanotubes (CNTs) and onto the external 

wall of the CNTs, obtaining nanostructured PTAm@CNTs composite as the cathode materials 

for KDIB. Systematic materials characterization and electrochemical evaluation suggest that 

the as-prepared PTAm@CNTs nanocomposite possesses significant surface area and pores, 

excellent electronic conductivity, and exceptional ionic transfer. Without the need to use 

carbon black as the conductive additive in the traditional electrode fabrication process, the as-

prepared PTAm@CNTs in KDIB (i.e., PTAm@CNTs cathode|KPF6 (electrolyte)|K anode), 

exhibits a remarkable rate capability, high energy density, and long cycling stability. The 

CNTs-assisted nanosizing strategy opens an effective pathway for practical application of 

organic electrode materials in the new generation of environmentally sustainable energy 

storage devices. 

Results and discussion 

The synthesis of the PTAm 

The PTAM polymers are consist of the repeated TEMPO radical units on the carbon polymer 

chain (see Fig. 1a). It was synthesized through a three-step reaction process, as shown in Fig. 
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S1-3. Firstly, the poly (tert-butyl acrylate) (PtBA) precursor polymer was prepared from tert-

butyl acrylate (tBA) and methyl 2-bromopropionate (MBP) through single electron transfer-

living radical polymerization (SET-LRP) method (Fig. S1).17 The conversion reached 99% and 

led to the PtBA with a Mn of 16160 and a dispersity Ð of 1.06, suggesting a living 

polymerization process. Then, PtBA was hydrolysed to convert to PAA (Fig. S2). Finally, the 

obtained PAA polymers was further functionalized with 4-amino-TEMPO to give Poly 

(TEMPO-acrylamide) (PTAm) as target products (Fig. S3). The loss of peak at 1.37 ppm in 

Fig. S6 and the presence of peaks at 4.12 and 1.84 ppm in Fig. S7 suggests the successful 

deprotection of tert-butyl group from PtBA to PAA and then the modification from PAA to 

PTAm. 1H NMR characterization of PTAm also indicates a nearly quantitative coupling of 4-

amino-TEMPO to carboxylic acid (Fig. S7). As presented in Fig. 1b, the conversion from PtBA 

(i) to PAA (ii) and then to PTAm (iii) was further evidenced by the shift of C=O stretching 

from 1720 cm-1 (i.e., ester) to 1690 cm-1 (i.e, carboxylic acid) and then to 1640 cm-1 (i.e., amide), 

respectively.  Overall, the targeted structure of PTAm, as shown in Fig. 1a is confirmed. 
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Fig.1 (a) The molecular structure of Poly(TEMPO-acrylamide) (PTAm). (b) ATR-IR spectra 

of (i) PtBA, (ii) PAA, and (iii) PTAm.  

The synthesis of the PTAm@CNTs cathode materials 

As shown in Fig. 2a, the PTAm polymers originally are in powdery form with a size of 10 μm 

and a small surface area. The polymer has low electronic conductivity and ionic transfer 

efficiency and, therefore, low utilization of active sites, which are not suitable for electrode 

materials. In order to address issues, CNTs-assisted polymer nanosizing was carried out to the 

PTAm polymer, resulting in even dispersion of PTAm into the conducting CNTs, i.e., the 

PTAm@CNTs composites. It can be observed in Fig. 2b that the polymers are either coated 

onto the external walls of the CNTs or encapsulated into the CNTs, which could effectively 

inhibit the dissolution of the organic materials. More importantly, the CNTs have successfully 

created nanostructured 3D morphology of PTAm. It is expected that the as-prepared 

PTAm@CNTs nanocomposite could have a much larger surface and enhanced ionic transfer 

efficiency on the electrode. Most importantly, the conductive CNTs distributed throughout the 

3D morphology will enable the excellent electronic conductivity of the as-prepared 

composite.18 
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Fig.2 (a) SEM images of the PTAm and the corresponding EDS mapping results. (b) SEM 

images of the PTAm and PTAm@CNTs composites. The right image is the Zoom-in image of 

the selected area of the image on the left. (c-d). N2 adsorption-desorption isotherms (c) and 

their corresponding pore-size distribution (d) of CNTs and PTAm@CNTs composite. (e) TGA 

curves of CNTs, PTAm@CNTs composites, and pure PTAm. (f) The Raman profiles of CNTs, 

PTAm@CNTs composites, and pure PTAm. 

 

Materials Characterizations 

Brunauer-Emmett-Teller (BET) measurements were applied to illustrate the nanopore structure 

of the CNTs and PTAm@CNTs composites (Fig. 2c-d). The CNTs display typical Type IV 

isotherm curves with a vertical surge of isotherm at low P/P0 relative pressure above 0 and an 

obvious hysteresis loop at the high relative pressure of around 0.8-1.0.19 The pore size 

distribution of CNTs in Fig. 2d reveals the presence of abundant micropores around 1.25 nm 

and mesopores around 3.08nm, 5.3nm, and beyond 7.75 nm). The PTAm@CNTs composites 
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present low adsorption at high relative pressure and distinctly decreased pore size, suggesting 

that the PTAm are infused into the nanopores of CNTs.20 The PTAm@CNTs composites still 

have a surface area of 8.136 m² g-1 and pore volume of 0.32 cc g-1. It is interesting that 

PTAm@CNTs composites remain the mesopores around 2.79 nm, which is beneficial to the 

penetration of electrolyte and fast transportation of the ions.  

Thermogravimetric analyses (TGA) were recorded to determine the content of PTAm polymers 

in the composites (Fig. 2e).18 According to the mass losing weight of CNTs (1.7%) and PTAm 

(84.9%) at 800 oC, the evaluated mass losing of PTAm@CNTs composites is 51.62% which is 

near the experimental value of 51.5%. Thus, it can be inferred that the content of PTAm is 

around 60 wt% on the composites. Furthermore, the Raman spectra were conducted to study 

the possible binding between the CNTs and PTAm (Fig. 2f). The CNTs exhibit strong peaks 

at 1590 cm-1 and 1353 cm-1, representing the G-band originated from the graphite structure and 

D-band stemmed from the disordered carbon and structure defects, respectively.21 The peaks 

of CNTs at 2699 cm-1 are generated by the D∗-band, which is correlated with the second D 

band. And the peak at 2953 cm-1 and 3218 cm-1 is due to the C-H asymmetrical stretch 

vibrations of the CH3 group and CH2 group, respectively. The smaller ratio of ID/IG in 

PTAm@CNTs composites (1.36) than that in CNTs (1.54), illustrating the fewer defects are 

obtained after the CNTs loaded with PTAm.22, 23 The obvious peaks at 2936.54 and 1449.81 

cm-1 of PTAm also appear at the same position in TEMPO@CNTs composites, indicating the 

presence of PTAm on the CNTs. There is no new peak for the PTAm@CNTs composites, 

revealing the physical adsorption effect between the polymers and CNTs rather than chemical 

bond. 

Mechanism Investigation  
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Radical polymers, bearing the redox-active radicals on the side-chain of the polymer backbone, 

are considered as the ideal electrodes materials because of their high rate capability and strong 

stability.24 Among them, PTAm are the representative materials due to their high working 

voltage up to 3.6V (vs. Li/Li+) and outstanding power density. As shown in Fig. 3a, the 

nitroxide radical (N-O.) is the redox-active moiety on the PTAm cathode, which undergoes p-

type reactions with one-electron storage via the redox couple of N=O+/N-O..3 During the 

charging process, the neutral nitroxide radical (N-O.) can be oxidized into oxoammonium 

cations (O=N+) and transfer an electron to the external circuit. Meanwhile, the PF6
- anions, 

working as counter ions, dope into the polymer chain to maintain the neutral state of the whole 

system. During discharge, the PF6
- anions de-dope from the polymer, and the oxoammonium 

cations (O=N+) are reduced to nitroxide radical (N-O.). It is interesting that the electron-

hopping mechanism on the redox centers allow a fast electron self-exchange between the 

charged form and the neutral radical state, resulting in superb rate capability in the battery 

reactions.25 On the anode part, the K+ reversibly is reduced/oxidized into K metal during the 

charge/discharged process. Accordingly, their working mechanism in the KDIBs is illustrated 

in Fig. 3b. In the charging process, K+ in the electrolyte migrate and arrive at the anode foil to 

form potassium metal alloy, while the bulk PF6
- anions move into the cathode. In contrast, in 

the discharging process, K+ ions de-alloy from the potassium anode and the PF6
- anions de-

dope from the cathode. 
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Fig.3 a. The redox reactions of the PTAm on the cathode and metal potassium on the anode 

during the charge and discharge process in the KDIB. b. The proposed charge/discharge 

mechanism in typical KDIB cell configuration PTAm@CNTs cathode|KPF6 (electrolyte)|K 

anode. c-d Elemental mapping of the PTAm@CNTs cathode in KDIBs at the states of being 

charged to 4.1 V (c) and discharged to 2.5 V (d) during the initial cycle. e-g: XPS curves of the 

PTAm@CNTs cathode at different states in the KDIBs half cells. High-resolution O 1s XPS 

curves: (e) pristine, (f) charged to 4.1 V, and (g) discharged to 2.5 V. 

In order to verify the proposed energy storage mechanism of the PTAm@CNTs cathode in 

KDIBs, materials characterization on the cathode were carried out using the scanning electron 
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microscope (SEM) cooperated with energy dispersive spectroscopy (EDS) and ex-situ X-ray 

photoelectron spectroscopy (XPS). Fig. 3c reveals the elemental mapping of the PTAm cathode 

at a fully charged state at 4.1 V (vs. K+/K), where the fluoride (F) and phosphorus (P) elements 

were detected with the mass ratio of 1.12% and 0.04 % as regards to the nitrogen (N) element. 

The observation of a high amount of F and P implies the insertion of PF6
− anion in the cathode 

during the charging process.14 Conversely, the fully discharged cathode at 2.5 V (vs. K+/K) is 

shown in Fig. 3d, where the mass ratio of F and P elements (as regards to the N element) 

decreased to 0.75% and 0.009%, respectively, indicating that PF6
− goes out from the cathode 

during the discharge process.26 Additionally, the high-resolution O 1s XPS spectrum of the 

PTAm@CNTs cathode in the pristine state (Fig. 3e) reveals a peak located around 532.42 eV. 

While the O 1s peak moves to 531.63 eV at the charged state (4.1 V, Fig. 3f), indicating the 

generation of O=N+ bond in the system. After the cathode was discharged to 2.5 V (vs. K+/K) 

on Fig. 3g, the O 1s peak comes back to the original state, verifying the reformation of N-O.. 

Therefore, the PTAm@CNTs cathode undergoes highly reversible reactions to store and 

release the PF6
- during the working potential of 2.5-4.1 V (vs. K+/K). 

Electrochemical Performance Evaluation 

A series of galvanostatic battery measurement were carried out to study their electrochemical 

performance in KDIBs (Fig. 4). Since the PTAm undergo p-type reactions, the charge process 

was firstly performed at the initial cycle. Fig. 4a-b is the long cycling performance during the 

2.5-4.1 V (vs. K+/K) under the high current density of 2A g-1 (ca. 16.8C). The PTAm@CNTs 

cathode displays the discharge capacity up to 108 mAh g-1, which is close to their theoretical 

capacity of 119 mAh g-1 corresponding to the uptake of 0.9 electrons (~0.9 PF6
-) per TEMPO 

unit (Fig. 4a). The 80% capacity (86 mAh g-1) is retained after 400 cycles, which is equal to a 
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low capacity decay rate of 0.05% per cycle. The coulombic efficiency (CE) in the 1st cycle is 

ca. 30.5% (Fig. S8), which is a bit low. This is a common phenomenon in the DIBs13, 27, 28, 

which could be ascribed to the irreversible decomposition of the electrolyte and the formation 

of SEI on the cathode/electrolyte interface. The obvious charging plateau is observed at around 

4.0 V (vs. K+/K), corresponding with the reaction of PF6
- anions with the radical sites (Fig. 4b). 

The charge and discharge platform are well maintained at the same voltage even after 400 

cycles. The discharge voltage stability is further studied in Fig. 4c. A stable medium value of 

discharge voltage is remained at ca. 3.5V after 400 cycles at 2A g-1 (Fig. 4f), showing good 

structural stability and reversibility of the electrode materials. The insertion is the enlarged 

voltage profiles versus time duration at 51-55 cycles, where the stable charge/discharge 

plateaus are correlated with that in Fig. 4b. A rapid discharge capability, which is as quick as 

2.9 min in one discharge process, is achieved by the PTAm@CNTs cathode.  

SEI is further studied by the electrochemical impedance spectroscopy (EIS) in Fig. 4d, the EIS 

spectrum consists of a semi-circle of high frequency and a sloped line of low-frequency. The 

semi-circle reflects the charge-transfer resistance (Rct) at redox-materials/electrolyte interfaces. 

And the slope line can be used to infer the ions Warburg diffusion (semi-infinite) in the 

electrolyte.29 The Rct in the 1st cycle increase to more than three times than that before the cycle, 

resulting from the generation of insulating and insoluble SEI on the electrode. The Rct gradually 

decreases in the following process, revealing that SEI gradually becomes more stable during 

the subsequent redox reaction. The ions diffusion coefficient (Dion) is evaluated based on the 

sloped Nyquist plots in the low-frequency region, according to the equation 1:   

Dion = 0.5R2T2/A2n4F4C2σ2  (1) 

 where R, T, A, n, F, C and σ are designated as the universal gas constant, the temperature, the 

interface area between electrode and electrolyte, amount of redox electrons, Faraday constant, 
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ions concentration in the electrode, and Warburg coefficient, respectively.30 The σ value, which 

is the slope of ω−1/2 vs. Z′, reveals the ions diffusion rate during the cycling. As shown in Fig. 

S9, the σ firstly increases to 1697.18 at 1st cycle and then decreases to 495.96 (30th) and 300.25 

(100th), exhibiting a gradually enhanced ions diffusion behavior of the electrode materials. 

 

Fig. 4 The electrochemical performance of the PTAm@CNTs cathode in KDIBs. a. Long 

cycling performance under the current density of 2 A g-1. b. Charge-discharge curves at 

different cycling times under the current density of 2A g-1. c. The medium value of discharge 

voltage during the cycling at 2 A g-1. The insertion is the charge-discharge voltage during the 

51-55 cycles. d. The EIS analysis at different cycle times. e. Rate performance at different 

current densities from 1A g-1 to 4 A g-1. f. The performance comparison of different cathode 

materials in the state-of-the-art KDIBs.  
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The rate performance of the PTAm@CNTs cathodes in KDIBs is studied at the current density 

from 1A g-1 to 4 A g-1 (Fig. 4e-f and S10). As illustrated in Fig. S10, the typical charge-

discharge profiles with obvious voltage plateau are observed at different current densities 

during the potential windows of 2.5-4.1 V (vs. K+/K). According to Fig. 4e, at the current 

densities of 1A g-1, 2 A g-1, 3A g-1 and 4 A g-1, the discharge capacity are 112, 108, 93 and 49 

mAh g-1, respectively, and the CE all are above 90%. Additionally, the discharge capacity can 

immediately recover at the 1A g-1 even after the different current densities, showing a good 

reversibility and rate capability of the PTAm@CNTs composites. To compare the rate 

performance of the as-prepared radical polymer composite with those of the reported cathode 

materials in KDIBs, the current density versus specific capacity plot is depicted in Fig. 4f and 

Table S1. It can be found that the PTAm@CNTs cathode presents better performance than the 

state-of-the-art DIBs cathode materials at the same current density. The battery performance 

of pure CNTs cathode in KDIBs is also tested to control as the contrast samples. According to 

the results in Fig. S11, CNTs do not have the specific capacity at the same testing conditions, 

illustrating that the capacity in the PTAm@CNTs composites mainly results from the PTAm 

rather than the CNTs.  

To understand the electrochemical kinetics of the PTAm@CNTs cathode in KDIBs, the cyclic 

voltammetry (CV) at the scan rate of 2, 4, 6, 8, 10 mV s-1 was carried out and analyzed in Fig. 

5. Equation 2,  

i = a𝑣b    (2) 

 where i and ν represent the measured current and the scan rate, respectively, is applied to 

evaluate the diffusion-dominant process (when b=0.5) and capacitive effect (when b=1).30 

According to the linear fitting results of log (ν) versus log (i) in Fig. 5b, the b value (slope 
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value) of 3.1 V and 3.3 V at the discharge process are 0.995 and 0.648, respectively, revealing 

the capacitive controlling behaviors of the PTAm@CNTs cathode.  

 

Fig. 5 a. CV profiles of PTAm@CNTs cathode in KDIBs with the scan rate from 2 to 10 mV 

s−1 within the voltage range between 2.5-4.1 V vs. K+/K. b. Linear fit the relationship of 

Equation 2 to determine the value b of PTAm@CNTs cathode. c. Linear fit relationship of 

Equation 3, to determine the values k1 of PTAm@CNTs cathode. d. Faradaic and non-faradaic 

contribution ratios regarding PTAm@CNTs cathode at the scan rate of 10 mV s−1. 

To further identify the contribution of the diffusion (faradaic) reaction and the capacitive (non-

faradaic) reaction of the radical polymers, Equation 3:  

𝑖 = 𝑘1𝑣 + 𝑘2𝑣1/2     (3) 

 is used, where 𝑘1𝑣 stands for the capacitive process, and 𝑘2𝑣1/2 represents the semi-infinite 

diffusion process. Fig. 5d shows the calculated results from 3.0V to 3.3V of the discharge 
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curves at the scan rate of 10 mV s-1. The non-faradic contributions are 72.6%, 67.9%, 56.9% 

and 87.0% at 3.0V, 3.1V, 3.2V and 3.3V, respectively. These results indicate that the total 

capacity comes from the capacitive contribution, which is corresponding with Fig. 5b. Thus, it 

can infer that the PTAm undergoes a capacitive or hybrid-derived mechanism during the redox 

reactions, benefiting to a fast charge/discharge ability in the battery.  

Conclusion 

In summary, the as-synthesized PTAm is subject to the CNTs-assisted nanosizing process for 

the preparation of the PTAm@CNTs nanocomposite as cathode materials for KDIBs. Owing 

to the inherently fast reaction dynamics of the PTAm radicals and the creation of conducting 

nanostructure, without the need of using conductive additive carbon black, the PTAm@CNTs 

cathode exhibits a fast and stable PF6
- dopping/de-dopping process at high potential around 4.0 

V (vs. K+/K), thus contributing to the high-rate capability (up to 4.0 A g-1) and long cycling 

life-span (up to 400 times). Interestingly, the as-prepared PTAm@CNTs cathodes in KDIBs 

express a reversible discharge capacity of 108 mAh g-1 and a low-capacity decay rate of 0.05% 

per cycle at a high current density of 2.0 A g-1 (equal to 16.8C) during the 2.5-4.1 V (vs. K+/K). 

A specific capacity of around 49 mAh g-1 is obtained when the current density is elevated up 

to 4.0 A g-1 (equal to 33.6 C), which is superior to many state-of-the-art cathode materials in 

DIBs. The success of this work inspires the application of radical organic polymers in high-

energy-density KDIBs with low-environmental costs.  
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Experiments: 

1. Materials:  

The ethylene carbonate (EC), Propylene carbonate (PC), Potassium hexafluorophosphate 

(KPF6), and metallic K were purchased from sigma-Aldrich. Carbon nanotubes (CNTs) was 

supplied by Jiangsu XFNANO Materials Tech Co., Ltd. with the number of XFM22 

(specifically, the length is 0.5-2.0 μm, the outer diameter is 20-30 nm, Surface area of 152.833 

m² g-1, conductivity is >100 s/cm). 

All materials were used without further processing. 

1.1 The synthesis of Poly (TEMPO-acrylamide) (PTAm): 

Step 1: 
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Fig. S1 Synthesis of poly (tert-butyl acrylate) (PtBA) from reactants TBA and MBP 

The tert-Butyl Acrylate (tBA) (9.20 g, 0.072 mol), CuBr2/Me6TREN (0.054 g, 0.12 x 10 -3 mol), 

initiator Methyl 2-bromopropionate (MBP, 0.1 g, 0.6 x 10-3 mol), DMSO (4.21 mL) and 

acetone (16.84 mL) were added to a 50 mL Schlenk flask. A magnetic stir bar wrapped with 

copper wire was fixed on the neck of Schlenk flask. Then the flask was sealed and purged with 

Argon over 30 min. The polymerization started with dropping the magnetic stir bar into the 

solution at 25 oC. 10 hour later, the reaction was quenched by cooling in liquid nitrogen, 

exposure to air, and dilution with THF (ca. 3-fold to the reaction mixture volume). The copper 

salts were removed by passing through an activated basic alumina column. The solution was 

concentrated by rotary evaporator and the polymer was precipitated into cold MeOH/water 

mixture (40:60 v/v, 20-fold excess to polymer solution) twice. The polymer (viscous glassy 

solid) was dried under vacuum for 24 h at 25 oC.  SEC: Mn=16,160 and Ð=1.06. 

Step 2:  

 

Fig. S2 Hydrolysis of PtBA to produce poly (acrylic acid) (PAA) 

The hydrolysis of PtBA (5.5 g, 29.23 mmol tBA units) was performed in DCM (80 mL) in the 

presence of TFA (16 mL, 0.23 mmol). The solution was stirred at room temperature for 12 h. 

The product was precipitated out from the solution. The solvent was removed, and the 

precipitation was washed with DCM (3 x 30 mL). The resulting was collected and dried under 

vacuum at 25 oC for 5 h.  
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Step 3:  

 

Fig. S3 Synthesis of Poly (TEMPO-acrylamide) (PTAm)  

PAA (2.0 g, 27.75 mmol) was weighed to a 250 mL flask and dissolved with DMF (100 mL). 

EDC·HCl (7.98 g, 41.63 mmol) was added to above solution under ice-bath. NH2-TEMPO 

(7.13 g, 41.63 mmol) was dissolved in DMF (50 mL) and then was added with dropwise by a 

constant pressor funnel within 30 min.  The reaction was stirred for 48 h and blown with N2 to 

remove most of DMF and then dialysed against ethanol to remove DMF deeply. After dialysis, 

the solution was concentrated, precipitated in diethyl ether, and filtered to obtain the product 

as pink powder which was dried under high vacuum at 25 oC (5.53 g, yield = 88 %). 

1.2 The synthesis of nanostructured PTAm@CNTs composite: 

The dry as-prepared PTAm powder (yellow colour) is mixed with CNTs with a mass ratio of 

6:4 in ethanol solvent and ultrasonic treatment for 30 minute. After that, the solution was stirred 

at 40 oC until all ethanol was gone. The obtained PTAm@CNTs composite (black colour 

powder) was dried at 60 oC for 12 hours at vacuums oven. 

2. Materials characterization:  

The chemical structure of PTAm was characterized by Fourier-Transform Infrared 

Spectroscopy (FTIR, Bruker Vector‐22 German) and nuclear magnetic resonance spectroscopy 

(NMR). The morphology and composition of PTAm@CNTs composites were obtained 

through scanning electron microscopy (SEM) equipped with energy-dispersive X-ray 

spectroscopy (EDS) in Hitachi S7100 system, thermal gravimetric analysis (TGA, 

NETZSCHSTA-449), Raman microscope (Renishaw RE 04), Brunauer-Emmett-Teller (BET, 

Quantachrome instrument FL 33426) measurements. TGA was conducted under Ar at a 

temperature rate of 5 °C min-1 from room temperature (RT) to 800 °C. Raman spectra were 
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conducted in a 532 nm laser wavelength. X-ray photoelectron spectroscopy (XPS) spectra were 

collected on Thermo Scientific Escalab 250X. 

3. Electrochemical measurement:  

The electrolyte is 1M KPF6 salts dissolved in EC and PC solvent with the volume rate of 1/1 

in Ar-atmosphere glove box with low level of oxygen and water (<0.1 ppm). The cathode was 

prepared by the mixing of PTAm/CNTs and PVDF with the mass ratio of 9:1 in NMP to 

achieve carbon-black-free electrode. After the slurry was coated at Al foil, the obtained 

electrode were dried in a vacuum oven at 60 ℃ for 12 hours. The dried electrode then was cut 

into disc with the dimension of 10 mm. The average mass loading of the electrode materials is 

1.0 mg cm-2. The anode is the potassium metal foil. For the battery tests, CR2032 coin cells 

were assembled and tested in NEWARE battery test system and CHI604e electrochemical 

stations. Cyclic voltammetry (CV) was obtained during 2.5-4.1 V. EIS measurements were 

performed in the frequency range from 100k to 100m Hz. 

 

 

Figures: 

 

Fig. S4 SEC trace of PtBA prepared by the SET-LRP method.  
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Fig. S5 1H NMR of PtBA in CDCl3 
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Fig. S6 1H NMR of PAA in D2O 
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Fig. S7 1H NMR of poly(TEMPO acrylamide) (PTAm) in MeOD-d4 in the presence of 

ammonium format and Pd/C. 
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Fig. S8 The initial cycle of charge-discharge curves of the as-prepared PTAm@CNTs 

cathode in a KDIBs at 2 A g-1 during 2.5-4.1 V (vs. K+/K). 
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Fig. S9 The linear relation between ω−1/2 vs. Z′ in the low-frequency part of the EIS curves. 
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Fig. S10 The Charge-discharge curves at the current density from 1 A g-1 to 4 A g-1. 
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Fig. S11 The electrochemical performance of CNTs electrode in KDIBs. The CNTs electrode 

was prepared with the mass ratio of CNTs/PVDF (9/1). a. The cycling performance at 2A g-1 

during 2.5-4.1 V (vs. K+/K).  b. Rate performance at different current density from 1 A g-1 to 

4 A g-1 during 2.5-4.1 V (vs. K+/K). 

. 
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Table S1 The table list all recently reported cathode materials for dual ions batteries. 

Cathode Anode  Electrolyte 

Voltage 

range 

[V] 

Rate capacity 

[mAh g-

1]/Current 

density [A g-1] 

Cycling 

capability 

(cycles)/current 

density [A g-1] 

PTAm@CN

Ts (This 

work) 

K 
1M KPF6 in 

EC/PC=1/1 

(V/V) 

2.5-4.1 112/1, 108/2, 93/3, 

49/4 

400/2 

Graphite 11 Al 

1 M LiPF6 in 

EC/EMC/ 

DMC=1/1/1 

(v/v/v) 

3.0-5.0 79/0.5 200/0.2 

Graphite 22 Sn 

1 M NaPF6 in 

EC/DMC/ 

EMC=1/1/1 

(v/v/v) 

2.0-4.8 61/0.5 400/0.2 

ZTC3 K 

4.8 M KFSI in 

EC/ 

DMC= 1/1 

(w/w) 

2.65-4.7 97/0.48 300/0.12 

Graphene4 Graphene 

1 m NaPF6 in 

DEGDME with 

1% 

(C3HF6O)3PO 

3.5-4.0 45/0.2 200/0.05 

KS-65 Graphite 
0.8 M NaPF6 in 

EC/ 
2.4-5.4 16.3/0.3 400/0.1 
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DEC= 1/1 (v/v) 

Graphite 36 AlCl3 
AlCl3:EMIMCl 

IL 

0.05-

2.45 

20/2.5 100/0.1 

Li2DAn7 Li 
1 M LiClO4 in 

PC 

2.8-3.5 45/0.015 400/NA 

PAH8 Li 
1 M LiPF6 in 

EC/DEC= 1/1 

(v/v) 

2.5-4.2 21/0.5 960/0.02 

PTPAn9 Graphite 
0.8 M KPF6 in 

EC/DEC= 1/1 

(v/v) 

1.0-4.0 28/0.3 500/0.1 

BDB10 Zn 
1 M Zn(OTf)2 

and 19 M 

LiTFSI in H2O 

0.4-2.1 >80/0.78 500/0.39 

Cosheet11 Li 

1 M LiPF6 in 

EC/DMC/ 

DEC=1/1/1 

(w/w/w) 

1.5-4.0 41/0.034 100/0.0034 

Na0.44MnO2
1

2 

BiF3 
0.8 M NaF in 

aqueous solution 

0-1.5 31.14/3.2 40/0.1 
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CHAPTER 6  

CYCLOHEXANEDODECOL-ASSISTED 

INTERFACIAL ENGINEERING FOR 

ROBUST AND HIGH-PERFORMANCE ZINC 

METAL ANODE  
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6.1. INTRODUCTORY REMARKS 

The findings and development in this chapter were summarized in an article form to be 

submitted to Advanced Materials. 

Functional organic compounds could be an effective additive to address the critical problems 

of MIBs, such as dendrite growth, electrode corrosion and short life cycle issues. In this work, 

a very low concentration (0.1 mg ml-1) of cyclohexanedodecol (CHD), a polyhydric alcohol, is 

applied in a diluted ZnSO4 aqueous solution (2 M). CHD could serve as a dual-function 

additive. Firstly, CHD could react with the hydrated Zn(H2O)6
2+

 structure and form new 

complex hydrated ions, mainly [Zn(H2O)5(CHD)]2+
 to facilitate rapid desolvation in the course 

of electrochemical Zn plating in an aqueous Zn ion battery (AZIB). Secondly, CHD could be 

readily adsorbed on the Zn anode and build a protection and supporting layer, which not only 

facilitates the even and efficient adsorption of [Zn(H2O)5(CHD)]2+
 and the electrochemical 

plating process, but also prevents the occurrence of the HER reaction and formation of the 

passivation layer. Experiments and theoretical calculations were carried out to verify the 

proposed working mechanism of CHD. Due to the proposed dual functions of the CHD 

electrolyte additive, the as-prepared AZIBs deliver excellent energy density, outstanding rate 

capability and impressive cycling life.  
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Cyclohexanedodecol-Assisted Interfacial Engineering for 

Robust and High-Performance Zinc Metal Anode  

Zhenzhen Wu, Meng Li, Yuhui Tian, Hao Chen, Milton Kiefel, Shanqing 

Zhang*a 

Centre for Clean Environment and Energy, School of Environment and Science, Gold Coast 

Campus, Griffith University, Southport, QLD, 4222, Australia. 

Abstract 

Potential fire risk and depleting lithium resources have limited future development of lithium-

ion batteries (LIBs), which have been dominating the portal electronics and electric vehicles. 

Aqueous zinc-ion batteries (AZIBs) have advantages of being nonflammable, low cost, and 

widely available, can be one of the most promising alternatives to LIBs, addressing these 

concerns. However, the challenges of AZIBs, including dendrite growth, hydrogen evolution, 

corrosion, and passivation of zinc anode during charging and discharging processes, must be 

overcome to sustain the comparable cycling stability in practical applications. In this work, a 

dual-functional organic additive cyclohexanedodecol (CHD) is proposed to establish 

[Zn(H2O)5(CHD)]2+ complex ions in an aqueous Zn electrolyte and build a CHD protection 

layer on the surface to overcome these dilemmas. Experiments and theoretical calculations are 

carried out to interpret the working mechanism of CHD. Even at a very low concentration of 

0.1 mg ml-1 CHD, at a fixed capacity of 1mAh cm-2, a reversible Zn plating/stripping could be 

achieved up to 2200 hours at 2 mA cm-2, 1000 hours at 5 mA cm-2, and 650 hours at 10 mA 

cm-2. Such a performance could enable the commercialization of AZIBs for applications in grid 

energy storage and industrial energy storage. 

Keywords: Cyclohexanedodecol, aqueous Zn ion battery, Zn dendrite, Zn corrosion, HER on 

Zn.  
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Highlights  

1. Cyclohexanedodecol (CHD) could form complex ions [Zn(H2O)5(CHD)]2+ in aqueous 

Zn electrolyte 

2. CHD could build a protection layer on the surface of Zn anode 

3. [Zn(H2O)5(CHD)]2+
 reduces the desolvation energy and facilitates the electrochemical 

Zn plating.   

4. The CHD protection layer enables efficient adsorption of [Zn(H2O)5(CHD)]2+
 and Zn 

plating process, 

5.  The CHD protection prevents the HER reaction and passivation of Zn anode. 
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Introduction  

Over the past decades, Li-ion batteries (LIBs) have become one of the most influential 

advances in the history of technology due to their extensive and in-depth impact on our life, 

including all modern and future smart devices such as portable electronics, electric vehicles, 

and electric grids. The electrolyte is an indispensable component in LIBs due to it is closely 

coupled with the electrode materials.1 The electrolyte development has been contributing 

essential foundation for the evolution of electrode chemistries besides LIBs.1, 2  

Aqueous zinc ions batteries (AZIBs) have attracted increasing attention as one of the most 

promising anode candidates for next-generation batteries because of their high theoretical 

energy capacity (819 mAh g-1, 5855 mAh cm-3), low electrochemical potential (-0.76 V vs. 

SHE), low-cost (Zn is the second cheapest metal), and intrinsic non-flammable safety.3 

Furthermore, metallic Zn shows decent stability to oxygen and moisture atmosphere compared 

with other redox-active metal anodes (e.g., lithium, sodium, and potassium), permitting direct 

handling in air and a broad range of electrolytes in an aqueous or organic solvent.4  

Despite such inherent advantages of AZIBs over LIBs, the wide adoption and full 

commercialization of AZIBs is at an immature stage before the persistent issues of existing 

AZIBs, including dendrite growth, hydrogen evolution reaction (HER), corrosion, and 

passivation of zinc anode during charging and discharging processes, which leading to short 

cycling life and low coulombic efficiency (CE). Inspired by the success of the aforementioned 

electrolyte development to the commercialization of LIBs1, 2 and recent success in electrolyte 

engineering for anode protection,5, 6 we adopt the strategy of the electrolyte development to 

address these issues and, ultimately, facilitate the production of robust and high performance 

Zn anode.  
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The electrolyte of AZIBs mainly consists of water and zinc salts (see Scheme 1a). It possesses 

the merits of being non-toxic, non-flammable, environmentally benign, low cost, and high ionic 

conductivity (~0.1 S cm-1), in comparison with organic electrolyte that is commonly toxic, 

flammable, high cost, and low ionic conductivity (~1-10 mS cm-1). However, the state-of-the-

art electrolyte gives rise to numerous challenges, including significant dendritic Zn growth, 

severe corrosion, and uneven passivation resulted from parasitic reactions.7 In ZnSO4 aqueous 

solution, the major form of Zn2+ ions is the hydrated Zn2+ ions, i.e., [Zn(H2O)6]
2+

, resulted from 

the coordination effect between the Zn2+ ion and polarized H2O molecules.8 However, this 

solvation structure [Zn(H2O)6]
2+ could lead to a deprotonation process, producing H+ and OH-.9  

On the one hand, the H+ ion could induce the corrosion of the Zn anode and hydrogen evolution 

reaction (HER) on the anode surface.  

2H+
 + Zn ⇌ H2 + Zn2+   (1) 

The H2 gas causes uneven mass transport of the Zn2+ ions, resulting in rough Zn plating and 

low-rate capability. Furthermore, the production of H2 will bring in unnecessary risk since 

increased H2 pressure in a sealed battery system would lead to the swelling even explosion of 

the battery. On the other hand, the generated OH- increase the local pH value and passivate the 

anode surface by forming insulating precipitate by-products (such as Zn4SO4(OH)6xH2O, 

Zn(OH)2, ZnO and so on).3, 4, 10 

On the unprotected Zn anode surface, the side reactions could compete against the Zn/Zn2+ 

reversible redox process, leading to the reduced coulombic efficiency and the growth of 

dendrite.11, 12 The latter could lead to the penetration of separator and ultimately battery short 

circuit. It is well established that high activation energy is needed for desolvation of 

[Zn(H2O)6]
2+ to release the Zn2+ from the sheath structure. What’s more, in the course of Zn 
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plating, the energy barrier for Zn nucleation on the Zn electrode surface makes the Zn2+ ions 

prefer to grow on the existing Zn structure instead of nucleation. The growth of isolated micro 

Zn protrusions results in uneven Zn plating and eventually evolves into pointy Zn dendrite 

(needle-like), as shown in Scheme 1a.  

In order to overcome the above issues of dendrites, HER, corrosion, and passivation, a series 

of strategies have been proposed: including the insertion of protective layers on the Zn anode 

and the reformation of the Zn2+ solvation structure in the electrolyte.  

i) The construction of artificial solid-electrolyte-interphase (SEI) on the Zn anode 

surface, such as ZnS interphase,12 polyvinyl butyral film,11 Zn-based 

montmorillonite interlayer,13 polyacrylonitrile coating layer14 and so on, have been 

proposed. The protection layer could not only improve the hydrophilicity of the 

metal electrode to facilitate the rapid transport of Zn ions, but also prevent the 

corrosion of the Zn anode, leading to uniform Zn plating and stripping.   

ii) The engineering of  H2O solvated structure by the alternation of the solvents such 

as succinonitrile (SN) to mediate the solvated Zn2+ structure for high-efficient and 

safe Zinc electrodeposition.15 However, the use of large amount of SN organic 

solvent reduces the cost-effectiveness in materials and causes environmental and 

health problems.   

iii) The engineering of Zn2+ solvation shell structure by the usage of bulky-anion zinc 

salts, such as Zn(CF3SO3)2 and Zn(TFSI)2, lead to the formation of new Zn2+ 

complex ions to replace the problematic [Zn(H2O)6]
2+. As a result, the number of 

coordinated H2O can be reduced because the large monovalent anion (TSFI-) enable 

to exclude the H2O around the Zn2+ ion and therefore being helpful to the 
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desolvation process.16, 17 But these salts are expensive, limiting their practical 

application. 

iv) The adoption of  super-concentrated electrolyte such as 20M LiTFSI is reported by 

Wang et al.18 In this “water in salt” electrolyte configuration, the salts are far 

exceeded water. The small amount of water molecules tends to hydrate with the Li+, 

and at the same time, the anions forcefully approach to the vicinity of Zn2+, leading 

to the abundant existence of (Zn-TFSI)+ rather than [Zn(H2O)6]
2+. However, the 

usage of high concentration of the zinc salts cannot avoid the insoluble side products 

and H2O decomposition, leading to the failure of reversibility and sustainability.  

v) The addition of low concentration of the functional additives (e.g., surfactants, 

organic molecules, metal cations, and so on) into the pristine electrolyte has been 

regarded as an affordable, effective, simple, and economical way to enhance the Zn 

electrode stability.19 The brightener (i.e., glucose) could be an excellent example, 

which produce uniform mirror-finished Zn plating with a very low concentration 

(e.g., 10mM glucose) addition into 1M ZnSO4 electrolyte.7 The glucose molecules 

could replace the H2O molecules in the coordination structure and diminish the 

parasite reactions (the dendrite growth, HER, corrosions and passivation). And the 

glucose prefer to adsorb on the Zn surface to tune the electric field distribution, 

which enhance the performance in Zn deposition process. However, the Zn 

deposition process on the presence of glucose is still not clear and the performance 

of the AZIBs could be further improved. The further exploration of electrolyte 

additives is promising in revealing the Zn2+ platting in AZIBs and further improving 

the electrochemical performance of AZIBs. 
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In this work, we propose the application of a low concentration (0.1 mg ml-1) of 

cyclohexanedodecol (CHD), a polyhydric alcohol, in a diluted ZnSO4 aqueous solution (2M) 

as shown in Schematic 1b. It is expected that CHD could serve two purposes. Firstly, CHD 

could reactive with the hydrated Zn(H2O)6
2+

 structure and form new complex hydrated ions, 

mainly [Zn(H2O)5(CHD)]2+
 to facilitate the rapid desolvation in the course of the 

electrochemical Zn plating. Secondly, CHD could be readily adsorbed on the Zn anode and 

build a protection layer, which helps facilitate the even and efficient adsorption of 

[Zn(H2O)5(CHD)]2+
 and the electrochemical plating process, but also prevent the occurrence 

of the HER reaction and formation of the passivation layer. Experiments and theoretical 

calculations are carried out to verify the proposed working mechanism of CHD. Due to the 

efficient functions of CHD electrolyte additive, at the fixed capacity of 1mAh cm-2, a reversible 

Zn plating/stripping could be achieved up to 2200 hours at 2 mA cm-2, 1000 hours at 5 mA cm-

2, and 650 hours at 10 mA cm-2.  
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Scheme 1. The schematic diagram of Zinc (Zn) plating process in a typical aqueous Zn ion 

battery (AZIB) in the absence (a) and presence (b) of CHD as an organic additive.  

Results and Discussion 

1. The characterizations of the zinc deposition layers 
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Figure 1. Schematic figure of Zn plating process and the corresponding SEM images on Zn 

foil at 2 mA cm-2 and 1 mAh cm−2 for 75 h in Zn|Zn cells under ZnSO4 (a-c) and CHD-assisted 

ZnSO4 electrolytes (d-f), respectively. In-situ optical microscopy images of the Zn deposition 

process using ZnSO4 (g) and CHD-assisted ZnSO4 electrolyte (h).  

It is well-established that the growth of Zn dendrites during the plating process is mainly due 

to the parasite reactions incurred by the complex ions [Zn(H2O)6]
2+ in traditional aqueous 

ZnSO4 electrolyte (see Fig.1a-c). While the CHD additive can regulate the solvation 

behaviours and interfacial properties, resulting in improved plating/stripping performance and 

suppressed Zn dendrite growth (Fig.1d-f). To verify this hypothesis, the Zn deposition process 

was studied via SEM images and in-situ optical observation.      
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The SEM images of Zn anode after the electrochemical platting are obtained from top-view 

and side-view as shown in Fig. 1b-c, e-f and Fig. S1. This SEM observation was operated after 

different cycles under the fixed capacity of 1 mAh cm-2 and current density of 2 mA cm-2. 

Without the CHD additives, the Zn anode exhibited non-uniform deposition of Zn and side 

products throughout the surface after 15 cycles (Fig. S1a). This loose and uneven implanting 

structure cannot isolate the contact between water and electrode, allowing for continuous side 

reactions between Zn anode and electrolyte, eventually bringing uncontrollable dendritic Zn 

and by-products after the repeated charge/discharge process as shown in Fig. 1b and Fig. S1b. 

Worse still, a rough surface can be observed on the Zn anode after deposition, demonstrating 

serious corrosion reactions that occurred during the depositing process in the ZnSO4 electrolyte. 

In sharp contrast, a [Zn(H2O)5(CHD)]2+ solvation structure can form in the presence of CHD 

additive in ZnSO4 electrolyte (Fig. 1d). The generated [Zn(H2O)5(CHD)]2+ can facilitate the 

Zn2+ deposition, achieving a flat and stable deposition layer without any surface change after 

cycles (Fig. 1e and Fig. S1c-d) and maintaining a stable plating/stripping process for 1800 

cycles (Fig. S1e). The improved stability of Zn anode can be further evidenced by the side-

view of Zn foil, in which a dense and smooth plated Zn layer is formed after cycles (Fig. 1f). 

Moreover, the energy dispersive spectrometer (EDS) element analysis was conducted to 

investigate the chemical components of the deposited Zn layer (Fig. S2). Compared with the 

CHD-assisted ZnSO4 electrolyte, the deposited Zn surface in the ZnSO4 electrolyte exhibited 

a higher mass ratio of oxygen and sulfur element while lower content of Zinc element, 

indicating the generation of SO4
2--based by-products and the loss of zinc resources on Zn 

electrode. 

To eliminate the interference of pristine Zn on the deposited layer, copper (Cu) substrates have 

been widely applied for Zn electrodeposition because Cu possesses high hydrogen 
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overpotential, high redox potential (0.342 V vs. SHE), and, above all, good affinity 

(zincophilicity) for Zn.20 As shown in Fig. S3, the depositing/plating performance on Cu foil 

was investigated to better understand the positive role of the electrolyte additive CHD in ZnSO4 

electrolyte. Under the successive deposition of 2 mA cm-2 for 1 h, the irregular dendrites and 

stacked by-products are clearly observed in the bare ZnSO4 electrolyte (Fig. S3a-b),  resulting 

in a low coulombic efficiency (CE) because of the continuous consumption of the electrolyte 

during cycling.21 On the contrary, a homogenous layer without any cracks and dendrites can be 

seen after Zn deposition (Fig. S3c-d) in the CHD-assisted electrolyte. As evidenced by the X-

ray diffraction (XRD) patterns, clear characteristic peaks of zinc metal (JCPDS 04-0831) after 

deposition can be observed in Fig. S4. Specifically, solid and sharp Zn peaks are shown in 

blank ZnSO4 electrolytes due to the aggregation of big Zn particles (dendrites) on the copper 

substrate. In contrast, small and weak Zn peaks are observed in the XRD profiles, indicating 

the presence of low crystalline Zn particles in an ultra-small size. 7 This suggests that the CHD-

assisted electrolyte system could reduce the nucleation energy barriers and the deposited Zn 

particles. 

To further illustrate the role of CHD additive, the in-situ observation of the Zn deposition 

process was executed by the optical microscopy system, as shown in Fig. 1g-h. In the blank 

ZnSO4 aqueous electrolyte (Fig. 1g), numerous Zn nuclei are unevenly distributed on the Zn 

foil surface after 5 min. After 20 min, the small protrusion gradually grows at the same position 

and eventually evolves into prominent Zn dendrites. In contrast, after the addition of CHD in 

the electrolyte (Fig. 1h), a clear Zn foil surface with a uniform and dense Zn plating layer could 

be monitored in 20 min, indicating that the CHD additives are supportive of impeding the 

dendrite growth on Zn foil.  
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2. The tuning solvation effect of CHD in the ZnSO4 electrolyte 

 

Figure 2. The characterization of the reaction between Zn2+ and CHD: (a) H-NMR spectra 

of H2O from pure D2O, 1 mg ml-1 CHD and 20 mg ml-1 CHD, 2 M ZnSO4, 1 mg ml-1 CHD+2 

M ZnSO4, 10 mg ml-1 CHD+2 M ZnSO4 in D2O. (b) FTIR spectra of the different mass ratios 

of CHD/ZnSO4 powders. (c-d). The MD simulations at 298.15K and 2000ps in CHD-assisted 

ZnSO4 system electrolyte. The radial distribution functions (RDFs, X - left Y) and the 

corresponding integral curve (X - right Y) in Zn2+-O (H2O) (c) and Zn2+-O (CHD) (d). (e) 
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Binding energy comparison of complexions [Zn(H2O)5(CHD)]2+, [Zn(H2O)6]
2+, and [H2O-

CHD]. The insertions are their corresponding molecules. 

Various experimental measurements and computational simulations were carried out to 

investigate the working mechanisms of the CHD-assisted electrolyte structure via hydrogen 

nuclear magnetic resonance (H-NMR), Fourier transform infrared spectroscopy (FTIR), 

molecular dynamics (MD) simulations, and density functional theory (DFT). Firstly, the H-

NMR at different electrolyte compositions was conducted in D2O solvent to monitor the change 

of coordinated H2O molecules. As shown in Fig. 2a, the 2H peak is shifted from 4.7009 ppm 

(pure D2O) to 4.7259 ppm (2 M ZnSO4) because the surrounding electronic density of water 

molecules is weakened in the solvation process. Furthermore, after the addition of CHD with 

concentrations of 1 mg ml-1 and 20 mg ml-1, the peaks move to 4.7238 ppm and 4.7188 ppm, 

respectively, indicating that the CHD regulates the Zn2+ solvation structure and releases the 

coordinated water molecules. The 1 mg ml-1 CHD and 20 mg ml-1 CHD samples without ZnSO4 

were further tested for better comparison, in which the peaks shift to 4.7012 and 4.7029 ppm, 

respectively, resulting from the more free waters than that in ZnSO4-contained electrolytes. 

Then, the FTIR was carried out to reveal the mediation of Zn2+ coordination environment by 

the effect of CHD molecules, further confirming the proposed mechanism. Specifically, the 

mass ratio of CHD/ZnSO4 powders of 0.00279/1 and 0.0558/1 corresponds with that in 1 mg 

ml-1 CHD and 20 mg ml-1 CHD in the 2M ZnSO4, and two peaks near the 1142.82 cm-1 and 

629.55 cm-1 are designated to the vibration stretching of ν3(SO4
2-) and ν4(SO4

2-) in ZnSO4. When 

the mass ratio of CHD/ZnSO4 is increased from 0.00279/1 to 1/1, an obvious blue shift of 

ν3(SO4
2-) and a redshift of ν4(SO4

2-) can reach 1151.09 cm-1 and 623.58 cm-1, respectively.22 

The movement of the SO4
2- peaks in FTIR is ascribed to the interaction between the Zn2+ and 



128 

 

 

H2O by the CHD molecules.7 The observations of NMR and FTIR support the change of Zn2+ 

solvation structure after the addition of CHD in the ZnSO4 electrolyte. 

Molecular dynamics (MD) simulations and the density functional theory (DFT) were 

conducted to articulate the typical solvation structure in ZnSO4 and CHD-assisted ZnSO4 

electrolytes. As presented in Fig. S5, the simulation systems were equilibrated at a temperature 

of ca. 298.15K and the density ca. 979 kg m3 for 2000 ps time steps. The radial distribution 

functions (RDFs, see g(r) axis) of solvation shells and average coordination numbers (see 

integral g(r) axis) of Zn2+-O in H2O and CHD molecules were obtained from the MD, as shown 

in Fig. 2c-d and Fig. S6. In the traditional ZnSO4 system electrolyte (Fig. S6), 6.0 H2O 

molecules coordinate with Zn2+ at the primary solvation shell, where is around 1.95 Å away 

from the center metal ions. And 18.8 H2O molecules were surrounded at the second solvation 

shell with a distance of 4.15 Å away from the Zn2+ center. On the contrary, the CHD molecules 

enter into the solvation layers of Zn2+ cation and modulate the electrolyte structure in the CHD-

assisted ZnSO4 electrolyte. In Fig. 2c, the sharp peak of Zn2+-O (O from H2O) at the 1.95 Å 

originate from the 5.0 coordinated H2O molecules at the first hydration layer, implying one 

CHD molecule access the primary solvation shell and replace one H2O molecule. The broad 

peak at 4.15 Å is ascribed to the second hydration layer where loose coordinating with 15.4 

H2O molecules, further indicating that more H2O molecules are excluded by the CHD 

molecules around the Zn2+ center. Fig. 2d illustrates that the coordinated CHD appears at 2.15 

Å away from the Zn2+ center, and the average coordinated number is 0.98. Different from the 

Zn2+-O (in H2O), the rather far distance of the solvation shells in Zn2+-O (in CHD) is mainly 

because of the big size of the hexatomic ring in the CHD structure. DFT was used to confirm 

further the binding energy of the typical complexes in the electrolyte structure, which has been 

summarized in Fig. 2e. The biding energy reveals that the CHD and H2O molecules prefer to 
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combine with the Zn2+ rather than interact due to the higher formation energy of -0.574 eV in 

the H2O-CHD molecule. Compared with the [Zn(H2O)6]
2+ and [H2O-CHD] molecule, the 

[Zn(H2O)5(CHD)]2+ had the lowest formation energy (-17.503 eV), indicating that 

[Zn(H2O)5(CHD)]2+ complex ion is most stable in the electrolyte. In accordance with the MD 

results, the formation energy results show that the one CHD molecule tends to replace the one 

H2O molecule to change the coordination environment of Zn2+ cations.  

3. The working mechanism of CHD on electrode/electrolyte interface 

 

Figure 3. a. The distribution of the Zeta potentials of Zn2+ with different amounts of CHD in 

ZnSO4 aqueous electrolyte with attached error bars. b. Adsorption energy comparison of H2O, 

[Zn(H2O)6]
2+, CHD and [Zn(H2O)5(CHD)]2+ on Zn (001) crystal plane. Insertion is the 

corresponding absorbed models. c. The desolvation energies of [Zn(H2O)6]
2+ and 

[Zn(H2O)5(CHD)]2+. d-e. The Molecular geometries of the desolvation processes for  
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[Zn(H2O)6]
2+ (d) and [Zn(H2O)5(CHD)]2+ (e). The grey, red, white, and brown balls represent 

zinc, oxygen, hydrogen, carbon atom, respectively. 

Since the electrolyte on the electrolyte/Zn anode interface play a pivotal role in the zinc 

deposition and parasitic reactions, it is significant to study the effect of CHD molecules toward 

the Zn crystal on the electrode surface. Experimentally, the affinity of the aqueous solution 

with the metallic anode could be enhanced after the addition of CHD in the ZnSO4 solution, as 

shown in Fig. S7. The functions of CHD on the electrolyte/electrode interfaces are 

characterized by Zeta potentials measurement (Fig. 3a). a series of CHD concentration in 

ZnSO4 electrolyte (2M ZnSO4 aqueous solution) were prepared as following: (i) 0.02 mg ml-1 

CHD; (ii) 0.04 mg ml-1 CHD; (iii) CHD; (iv) 0.16 mg ml-1 CHD; (v) 0.2 mg ml-1 CHD. It can 

be found that 0.1 mg ml-1 CHD in 2M ZnSO4 aqueous electrolyte present the highest zeta 

potential of 73.41 mV, indicating the most stable self-assembled layer was formed by CHD 

molecules and CHD/Zn2+ complex on the Zn metal surface.23, 24 The self-assembled layer on 

the electrode surface was tested by the nano scratch techniques (Fig. S8a).25, 26 The results 

show that the organic self-assembled layer in the CHD-assisted ZnSO4 electrolyte is more 

stable mechanically than the inorganic by-products layer in ZnSO4 electrolyte. The robust 

organic protective layer formed by the CHD molecules above the zinc anode surface is 

important to precisely isolate the electrode surface and the side reactants (e.g., active H2O, H+, 

and SO4
2-). While the loose and fragile by-products layers cannot afford a stable battery process, 

leading to the continuous corrosion and destruction of the metallic anode. Then, the ionic 

transport capability across the self-assembled layers on the electrode surface was further 

explored by the exchange current density (i0) on the Tafel plots analysis (Fig. S8b).27 The cells 

within the CHD-assisted ZnSO4 electrolyte presented a higher i0 of 1.123 mA cm-2 than that of 

0.802 mA cm-2 in ZnSO4 electrolyte, suggesting a facile electrochemical kinetic in the 
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regulated organic layers rather than a sluggish ionic transport in the by-products layers. Finally, 

electrochemical impedance spectroscopy (EIS) was used to characterize the electrochemical 

behaviors of the pre-formed buffering layer in electrolytes during the cycling (Fig. S8c).5 

Before the cycle, the charge transfer resistance (Rct) value in the cells using CHD-assisted 

ZnSO4 electrolyte was higher than that value in ZnSO4 electrolyte, which is caused by the 

adsorption of a large amount of CHD and [Zn(H2O)5(CHD)]2+ on the Zn anode. After the cycles, 

the Rct value significantly decreases in the cell containing CHD, indicating an enhanced ionic 

conductivity on the Zn anode surface during the battery process. While, in the Zn|Zn cells 

without CHD additives, the Rct value increases dramatically after the 1st cycle due to massive 

dead Zn dendrites and by-products that were heavily aggregated on Zn foil. According to the 

above results, it can be obtained that the generation of robust organic adsorption layer in CHD-

containing electrolyte is effective to smooth the surface texture of Zn anode and provide 

excellent protection to the Zn foil to suppress the side reactions. 

Theoretically, the DFT methods were performed to calculate the absorption ability between the 

different small molecules and Zn (001) crystal plane. As illustrated in Fig. 3b, the adsorption 

energy of [Zn(H2O)5(CHD)]2+ (-670.63 eV) and CHD (-601.01 eV) was higher than that of 

[Zn(H2O)6]
2+ (-504.18 eV) and H2O molecules (-435.07 eV) on the Zn surface, indicating the 

strong adsorption between the CHD/[Zn(H2O)5(CHD)]2+ and the Zn surface. These simulation 

results are highly consistent with the experimental results. Furthermore, the 

[Zn(H2O)5(CHD)]2+ molecules cluster have a higher amount of hydrogen bonds (17.91) than 

that of [Zn(H2O)6]
2+ (10.38) toward around H2O molecules as shown in Fig. S9. Thus, the free 

H2O molecules can be firmly ruled out from the Zn anode surface by the uniform 

CHD/[Zn(H2O)5(CHD)]2+ buffering layer. It can infer that the CHD and [Zn(H2O)5(CHD)]2+ 
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prefer to anchor on the Zn surface to suppress the uncontrollable Zn dendrites and water-

induced side reactions (i.e., the HER, corrosion, and passivation reaction). 

The desolvation energy is a significant criterion to estimate the Zn deposition process, which 

had been illustrated by the DFT calculation in Fig. 3c-e. The stepwise desolvation energies in 

[Zn(H2O)n(CHD)]2+ (n=5-1) are between  -242.528 to -181.276 eV, which are much lower than 

that in [Zn(H2O)n]
2+ (n=6-1). Another two hydroxy groups of CHD molecule are prone to build 

coordination effect with the Zn2+ during the desolvation process, which significantly reduces 

the desolvation energy of [Zn(H2O)n(CHD)]2+ (n=5-1) cluster (Fig. 3e). It is interesting that the 

last water molecule in [Zn(H2O)]2+ cluster is hard to take off because of the high energy 

required, while that in [Zn(H2O)(CHD)]2+ is more likely to occur as this structure shows a 

lower energy density. Thus, the [Zn(H2O)n(CHD)]2+ (n=5-1) cluster can easily de-solvate the 

coordinating water molecules in the modified Zn2+ solvation structure, facilitating the stable 

and smooth Zn plating/stripping to improve the rate capability and long cycling life. 

4. The electrochemical characterization of CHD effect in Zn deposition/stripping process 
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Figure 4. (a). The coulombic efficiency of the Zn plating/stripping at 1 mA cm-2 with the fixed 

capacity of 1 mAh cm-2 in Zn|Cu cells; (b). Voltage profiles of Zn plating/stripping process on 

the copper mesh; (c). Rate galvanostatic cycling of Zn|Zn symmetrical cell at 1, 2, 5, and 10 

mA cm-2 with the capacity of 1 mAh cm-2; (d-i). Long-term galvanostatic cycling of Zn|Zn 

symmetrical cell at 2 mA cm-2 (d-e), 5 mA cm-2 (f-g) and 10 mA cm-2 (h-i) with the fixed 

capacity of 1 mAh cm-2. (e), (g), and ( i) are the magnified curves of the selected time (i.e., the 

dotted rectangles) in (d), (f), and (h), respectively. 

The ionic conductivity and electrochemical stability are two critical factors to evaluate the 

quality of the electrolyte. The EIS based on stainless steel cell is used to probe the ionic 

conductivity of the electrolyte with and without CHD additives. The Zn2+ ionic conductivity in 

the electrolyte (σZn
2+) could be derived according to the equation of σZn

2+= L/(Rb × S), where 
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L is the thickness of the separator, S is the contact area between the stainless steel foil and the 

separators, Rb is the intercept of the Nyquist curves in the high frequency and defied as the 

bulk resistance.28 The Rb value is significant to evaluate the ionic conductivity of the different 

electrolytes within the same battery test conditions. As was shown in Fig. S10a, in contrast to 

the ZnSO4 electrolyte, the CHD-assisted ZnSO4 electrolyte shows a lower Rb value, presenting 

a higher σZn
2+ value to facilitate a fast transport of Zn ions in the electrolyte. Linear sweep 

voltammetry (LSV) is a vital measurement to identify the oxidation potential of the 

electrolyte.29 As shown in Fig. S10b, the decomposition potential of the CHD-assisted ZnSO4 

electrolyte is higher than that in ZnSO4 electrolyte, exhibiting that the addition of CHD is 

beneficial to improve the electrochemical stability of the aqueous electrolyte. In a word, the 

presence of CHD plays a positive role in increasing the ionic diffusion rate and widen the 

available voltage windows of the electrolyte.  

The CE was obtained to reveal the reversibility and efficiency of the battery process. The Zn|Cu 

cells in CHD-assisted ZnSO4 electrolyte and ZnSO4 electrolyte were prepared to characterize 

the Zn plating/stripping on the copper substrate with plating for 30 mins and stripping until 

1.0V at the 2 mA cm-2 as presented in Fig. 4a. The CE in the ZnSO4 electrolyte dramatically 

fluctuates and quickly decays after around 60 cycles, reflecting the irregular Zn deposition on 

the copper mesh. On the contrary, a high CE of 99.56% and stable cyclability could be 

maintained after 200 cycles with the CHD additives in the ZnSO4 aqueous solution, attributing 

to that the CHD effectively regulates Zn plating and stripping process. More details about Zn 

plating and stripping behaviors were revealed by initial capacity-voltage profiles, as illustrated 

in Fig. 4b. The pristine ZnSO4 electrolyte exhibits a larger charge/discharge polarization 

compared with the CHD-assisted one, which can be evidenced by, the wider voltage gap of 99 

mV in ZnSO4 electrolyte than 69 mV in CHD-assisted ZnSO4 electrolyte. The high 
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overpotential could result in the increased polarization, poor CE, damage of the electrode and 

even battery failure. The nucleation overpotential of CHD-assisted ZnSO4 electrolyte (31 mV) 

is much lower than that in bare ZnSO4 electrolyte (68 mV), indicating that the CHD-assembled 

organic layers can activate the zinc nucleation process and reduce the resistance of zinc plating 

in the first cycles. The reduction of zinc nucleation energy barriers promote the generation of 

small zinc nucleus on electrode rather than the fast growth of disordered Zn dendrites.30  

In order to further demonstrate the cycling stability and high-rate capability of the modified 

electrolyte containing CHD additives, the Zn|Zn symmetric cells by galvanostatic 

measurements at different current densities were analysed as summarized in Fig. 4c-i. The 

stability of the Zn anode was firstly tested at the stepped current density of 1, 2, 5, and 10 mA 

cm-2 with 1 mAh cm-2 for Zn plating and stripping. The higher overpotential at each rate stage 

was found on the cells without CHD additives. However, the cells in CHD-assisted ZnSO4 

electrolyte exhibit a gradually reduced overpotential and greatly stable voltage hysteresis after 

40 cycles. It suggests that the CHD additives accelerate the ion mobility rate during the Zn 

deposition/stripping process, which is correspondence with the lower Rct after cycle in Fig. S8c. 

Then the long-term cycling test in Zn|Zn cells were conducted using the electrolyte with and 

without CHD additives. It can be found that, with a fixed area capacity of 1mAh cm-2, cells 

with CHD additives are stable cycling up to 2200 hours at 2.0 mA cm-2, 1000 hours at 5.0 mA 

cm-2, and 650 hours at 10.0 mA cm-2, respectively. The low polarization and stable voltage 

profiles in the cells containing CHD are beneficial to guild the Zn nucleus energy barriers to 

achieving the dendrite-free Zinc anode in the even plating process. In contrast, under the same 

testing parameters, the fluctuant and increased polarization in voltage, followed by a sudden 

drop-off at the cycling process, appeared in cells without CHD additives. This phenomenon 

can be clearly observed in the enlarged voltage profiles (Fig. 4e, g, and i). The unstable voltage 
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profiles in cells using ZnSO4 electrolyte after several cycles are attributed to the severe parasitic 

reactions on the zinc anode, where uniform, non-ionic conducting by-products layers and H2 

gas are generated. 

5. The electrochemical characterization of Zn|V2O5 full cells 

 

Figure 5. The Zn|V2O5 full cells performance with and without the CHD additives a. Rate 

performance from 0.2 to 4.0 A g-1. b. Long-term cycling performance at 2.0 A g-1 after the 

activation at 0.2 A g-1 for three cycles. c-d. Voltage profiles at 2.0 A g-1 for the10th, 1500th and 

2000th cycle with (c) and without (d) CHD additives. e. Electrochemical impedance 

spectroscopy (EIS) test with and without CHD additives after the 10th cycle at 200 mA g-1. 
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The vanadium (V) oxide (V2O5) has attracted great interest as promising cathode materials for 

high energy density and high rate capability of AZIBs.31 However, the V2O5 cathode presents 

significant deteriorative electrochemical performance with the increase of electrode mass 

loading because of the sluggish ionic conductivities and the water-induced parasitic reactions, 

while the low mass loading limits the practical tap density and energy density. Herein, we 

performed a high V2O5 mass loading of ~ 5 mg cm-2 to investigate the practical application of 

the CHD-added electrolyte in rechargeable AZIBs. The electrochemical tests were conducted 

at the voltage range of 0.2-1.6 V (vs. Zn/Zn2+). As shown in Fig. 5a, the Zn-V2O5 full cells 

using CHD-containing electrolyte deliver average specific capacities of 300, 252, 231, 189, 

and 141 mAh g-1 at the charge/discharge rate of 0.2, 0.5, 1.0, 2.0, and 4.0 A g-1, respectively. 

Furthermore, a specific capacity of 245 mAh g-1 can remain after the current density comes 

back to 0.5 A g-1
, outperforming the rate capability of the cells using ZnSO4 electrolyte in which 

a slight capacity delay at the low current density of 0.2 A g-1 and significantly decreased 

specific capacity at high current densities (e.g., 74 mAh g-1 at 4.0 A g-1).  Moreover, as shown 

in Fig. S11, the charge-discharge curves show stable potential plateaus at different current 

densities in CHD-assisted electrolyte (Fig. S11a), whereas unstable voltage platforms with a 

high potential gap of 0.9 V can be observed at 4.0 A g-1 in pure ZnSO4 electrolyte (Fig. S11b).. 

Long-term cycling was further conducted to study the battery performance in Zn-V2O5 full 

cells. As shown in Fig.5b, the cells using ZnSO4 electrolyte deliver a rapid capacity decay in 

the initial 80 cycles and can keep a low specific capacity of only 54 mAh g-1 after 2000 cycles 

with a high capacity decay of 0.03% per cycle. However, with the CHD additive, the specific 

capacity of Zn-V2O5 cells reaches up to 175 mAh g-1 after 2000 cycles with a low capacity 

decay of 0.004 % per cycle. Meanwhile, when comparing the voltage platforms during cycling, 

the full cells using CHD additives maintain a stable voltage plateau after 2000 cycles (Fig. 5c) 
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rather than the unstable charge-discharge platforms and increased voltage gaps in ZnSO4 

electrolyte (Fig. 5d). Finally, the EIS test was carried out on Zn|V2O5 cells after 10th cycles at 

200 mA g-1 (Fig. 5e). The Nyquist curves of Zn|V2O5 cells in both electrolytes exhibit a 

semicircle for Rct values in the high-frequency region and a line for the diffusion resistance in 

the low-frequency region. The cells using ZnSO4 electrolytes show a large Rct value because 

of the deposition of dead Zn and side products on the electrode. Conversely, the full cells in 

CHD-assisted electrolytes have a much smaller Rct value, corresponding to the improved Zn2+ 

transport and the prevention of side reactions on the electrode. The excellent battery 

performance in the full cells further demonstrates the significance of CHD additive in achieving 

high reversible capacities and long cycling life for AZIBs. 

Conclusion 

In summary, the CHD, a small organic molecule with polyhydric groups, is applied into the 

typical and cheap ZnSO4 aqueous electrolyte to effectively stabilize the Zn anode in the AZIBs. 

The solvation shells of Zn2+ cations in the electrolyte and surface coverage situation on the Zn 

electrode are simultaneously restructured after the addition of CHD molecules, which have 

been verified by materials characterizations and MD associated with the DFT theoretical 

simulations. The reduced desolvation energy and nucleation barriers in the CHD-assisted 

ZnSO4 electrolyte help smooth Zn deposition without the dead Zn particles. The adsorption of 

CHD and [Zn(H2O)5(CHD)]2+ complexes on the electrode surface effectively decreasesthe 

amount of free H2O near the Zn anode due to their strong hydrogen bond effect toward the 

water molecules. The electrochemical test results show long-term cycling stability of Zn anode 

in the Zn|Zn cells up to 650 hours at a high current density of 10.0 mA cm-2 under the plating 

capacity of 1 mAh cm-2. The Zn|V2O5 full cells using CHD additives can achieve a high 
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retained capacity of 175 mAh g-1 after 2000 cycles with the high capacity retention of 92% 

under the high mass loading of ~ 5 mg cm-2. Such remarkable-long cycling lifespan and 

capacity performance for the Zn|V2O5 full cells under the practical operation conditions make 

a breakthrough in AZIBs, demonstrating the significant impact of CHD additives in improving 

the quality of AZIBs.  
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Cyclohexanedodecol, a dual-functional organic additive, could modify solvation structure of 

Zn2+ and establish a protection layer at the Zinc metal anode, and consequently facilitate 

smooth Zn plating, eliminating dendrite, HER, corrosion and surface passivation in aqueous 

Zn ion batteries. 
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 Cyclohexanedodecol-Assisted Interfacial Engineering for 

Robust and High-Performance Zinc Metal Anode  

Zhenzhen Wu, Meng Li, Yuhui Tian, Hao Chen, Milton Kiefel, Shanqing 

Zhang*a 

Centre for Clean Environment and Energy, School of Environment and Science, Gold Coast 

Campus, Griffith University, Southport, QLD, 4222, Australia. 

Methods 

1. Materials 

The Zn foil (purity of 99.99%, thickness of 0.2mm), Copper foil and stainless steel foil were 

purchased by Shenzhen Kejing Star Technology. ZnSO4*H2O powder (purity of ≥99.9% trace 

metals basis), Cyclohexanedodecol dehydrate (purity of ≥97%), and vanadium (V) oxide 

(purity of ≥98%) were supplied by Sigma-Aldrich Chemical Co.  

2. Materials characterization 

The morphologies of electrode surface and elemental analysis were conducted by Hitachi 

S7100 Scanning electron microscopy (SEM) system combined of energy-dispersive X-ray 

(EDX) spectroscopy. The crystalline analysis of Zn deposited copper foil were recorded by X-

ray diffraction (XRD, Bruker D8 Advance ECO, Germany). Zeta Potential was obtained by 

Particulate Systems (NanoPlus HD). Contact angel was metered on Kruss DSA 258. In-situ 

optical microscopy was obtained on NIKON SMZ1270. The H-NMR spectra were recorded 

from a Bruker 400 MHz spectrometer. The Nano-scratch were performed by nanoindentation 

system (Hysitron TI 950) with Berkovich indenter. 

3. Electrochemical Measurements 

Coin cells (CR2032) were assembled for Zn|Zn and SS|SS symmetric cells, Zn|Cu half cells 

and Zn|V2O5 full cells, where Zn is Zn foil, SS is stainless steel foil, Cu is copper foil, and 

V2O5 is V2O5 electrode. The aqueous electrolytes are prepared by deionized water. The 
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separator is glass fiber. Electrochemical impedance spectroscopy (EIS) was measured using 

the electrochemical workstation (CHI660A, Shanghai Chenhua Instrument, Inc) on the 

frequency range between 100 KHz to 10 mHz and amplitude of 5 mV. The linear sweep 

voltammetry (LSV) was teste in Zn|Cu half cells after stand for 43 hours between 0.5-1.5 V 

with the scan rate of 5 mV S-1. The Tafel test was conducted in Zn|Zn cells between the -0.3 to 

0.3 V with the scan rate of 1 mV S-1. In the Zn|V2O5 full cells, the 1.0 g V2O5 powder were 

treated by 15 mL 2M NaCl aqueous solutions (2 M) with the 72 h stirring.1 The V2O5 electrode 

was fabricated by the mass ratio of 7:2:1 in V2O5: Super-P: PTFE binder. The cycling teste 

were conducted between the potential of 0.2 and 1.6 V (vs. Zn2+/Zn) in LAND-CT2001A 

battery instrument (Wuhan, China) 

4. Computational details 

The spin-polarized DFT calculations were performed using generalized gradient 

approximation (GGA) parameterized by Perdew-Burke-Ernzerhof (PBE) exchange–

correlation functional2, 3 as implemented in the Vienna Ab Initio Simulation Package (VASP).4, 

5 The interaction potentials of the core electrons were replaced by projector augmented wave 

(PAW)6 pseudopotentials (Zn: 3d104s2, C: 2s22p2, O: 2s22p4, H: 1s1). The cut-off energy is 600 

eV, and a small broadening width of Gaussian smearing (0.05 eV) is used with the k-space 

sampled only by the Γ point. The geometry optimization is only performed along the x and y 

axes. On the z direction, there is at least 15 Å vacuum for eliminating the interaction between 

periodic slabs. The convergence criteria of ionic relaxation and electronic minimization is 0.03 

eV/Å (maximum force on any ion) and 10-6 eV, respectively. All these parameters were 

carefully tested to ensure the convergence and accuracy. Semiempirical dispersion correction, 

namely zero damping DFT-D3 method7, 8, is used in all the calculations. A 10×8×2 supercell 

(320 atoms) with four-layer Zn slab (001) is used to represent the absorbed surface and the 

bottom two layers are kept fixed.   
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Figures 

 

 

 

Figure S1. The surface configuration and of Zn anode after cycling at capacity of 1 mAh cm−2 

and current density of 2 mA cm−2 in ZnSO4 electrolyte (a-b) and ZnSO4-CHD electrolyte (c-

e): a and c are after 15 cycles, b and d are after 200 h, e is after 1800 h. The bar is 10 μm. 

Insertion is the magnified images with the bar of 1 μm. 
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Figure S2. Morphology and element analysis of metal Zn anode after 200 cycles at 1 mAh cm-

2 and 2 mA cm-2. SEM images of Zn anode in ZnSO4-CHD electrolyte (a) and in ZnSO4 

electrolyte (c); Elements content of Zn surface by SEM-EDS method in ZnSO4-CHD 

electrolyte (b) and in ZnSO4 electrolyte (d). 
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Figure S3. Top-view SEM images of Zn deposition on Cu foil at 2 mA cm-2 for 1 h without (a-

b) and with CHD additives (c-d) in ZnSO4 aqueous solution.  
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Figure S4. XRD patterns of bare copper foil and that after the Zn deposition for 2 hours at 

1mA cm-2, 2mAh cm-2 with and without CHD additives. 
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Figure S5. The MD simulations at 298.15K and 2000ps of ZnSO4 system electrolyte (a-c) and 

ZnSO4-CHD system electrolyte (d-f): The snapshot of representative Zn-solvation sheath in 

the ZnSO4 system (a) and ZnSO4-CHD system (d), the red, white, grey and blue sticks represent 

oxygen, hydrogen, zinc, and carbon atoms, respectively; The time versus temperature figure in 

the ZnSO4 system (b) and ZnSO4-CHD system (e); The time versus density figure in the ZnSO4 

system (c) and ZnSO4-CHD system (f). 
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Figure S6. The MD simulations at 298.15K and 100ps of Zn2+-O (H2O) in ZnSO4 system 

electrolyte. 
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Figure S7. Measurements of contact angles after the droplet stable for 3 minutes. Contact 

angles of electrolytes with blank electrolyte (a), 0.02mg ml-1 (b), 0.04mg ml-1 (c), 0.1mg ml-1 

(d), 0.16mg ml-1 (e), and 0.2 mg ml-1 (f) CHD additive on Zinc electrode surface. 
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Figure S8. a. Nanoscratch test of copper foil surface in ZnSO4-CHD and ZnSO4 aqueous 

solution. b. Tafel curves of Zn/Zn symmetric cells. c. EIS curves of Zn|Zn symmetric cells 

before and after 1st cycle. The battery was tested at 1mAh cm-2 and 2mA cm-2. 
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Figure S9. The number of hydrogen bonds around the molecular cluster of [Zn(H2O)5(CHD)]2+ 

and [Zn(H2O)6]
2+ in the electrolyte from the MD simulation. 
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Figure S10. a. EIS of stain steel-stain steel cell in the electrolyte with and without CHD 

additives. Insertion is the magnified curves of EIS at the high-frequency region. b. linear sweep 

voltammetry (LSV) with and without CHD additives in Zn|Cu cells.  
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Figure S11. a-b. Charge-discharge profiles of Zn|V2O5 full cell from 0.2 to 4 A g-1 with (a) and 

without (b) CHD additives. 
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CHAPTER 7  

CONCLUSIONS AND FUTURE WORK 

 

 

 

 

 

 

 

 



160 

 

 

7.1. GENERAL CONCLUSIONS 

Generally, the proposed strategies, i.e., molecular engineering and morphological 

engineering, for designing organic compounds, including organic electrode materials 

(OEMs) and organic additives (OAs), have been proven successful for energy storage 

devices.  In the validation process of the proposed strategies, a series of robust and high-

performance electrodes were fabricated and evaluated for metal ion batteries (MIB) 

using OEMs of different molecular sizes, including small molecules, i.e., cyanuric acid 

(CA) and trithiocyanuric acid (TTCA), and large molecules, i.e., Cu-BHT MOFs and PTAm 

radical polymers. Moreover, I selected cyclohexanedodecol (CHD) as a dual functional organic 

additive to reform the aqueous electrolyte and establish a protection layer onto the sensitive Zn 

anode via interfacial engineering for aqueous Zn ion battery (AZIB). All these works achieve 

the proposed aims of my PhD project. The individual conclusion of each experimental 

chapter are summarized as follows: 

Organic compounds have the novel reaction mechanism (i.e., H-transfer reactions in imide and 

thioimide) that can be adapted for energy storage. According to theoretical calculations, imide 

and thioimide could be two classes of high-capacity OEMs for LIBs since these OEMs could 

undergo H-transfer processes to generate reaction sites for lithium-ion storage and facilitate 

ultra-high storage capacity of cathode materials. The H-transfer reaction could be carried out 

at imide and thioimide for lithium-ion storage, which was verified using CA and TTCA as the 

cathode materials for LIBs. The theoretical and experimental investigations suggest that (i) the 

H-transfer from NH groups to the C of C=X (X=S or O) groups after discharge could be directly 

confirmed by NMR measurements, and (ii) the generation of Li-N and C-S (or C-O) bonds can 

be detected via XPS measurements. Ex-situ Raman analyses illustrate the detailed reaction 
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mechanisms and present excellent reaction reversibility of C=S and C=O groups. In addition, 

the higher electrochemical activity of thioimide groups compared to imide groups and the 

detailed reaction mechanisms were revealed by the DFT calculations. Such an H-transfer 

reaction mechanism offers an innovative alternative way for lithium-ion storage and expands 

the design of high-energy electrode cathode materials for other metal-ion batteries. (Chapter 

3). 

The highly conductive 2D MOFs, ([Cu3(C6S6)]n, namely Cu-BHT), that possess dense redox-

active sites and outstanding electronic conductivity was successfully synthesized. Together 

with electrochemical characterization, DFT calculation results suggest that one Cu-BHT 

crystal cell could store up to 4 lithium ions on the organic moieties in a potential range of 1.5-

3.0V (vs. Li+/Li). Such properties of the as-prepared MOFs facilitate high-power and ultra-long 

cycle stability in the charge/discharge of resultant LIBs. The Cu-BHT cathode enables a high 

reversible capacity of 232 mAh g-1 (~3.94 lithium-ions storage, 98.5% of theoretical capacity). 

The Cu-BHT cathode (i) presents a long-cycling life and rate capability up to 500 times with a 

capacity deterioration rate as low as 0.048% per cycle at a high rate of 300 mA g-1; (ii) delivers 

ultra-low self-discharge rate of 0.00025 V h-1 and high capacity retention of 98.1% after 10 

days shelving time; and (iii) achieves 189 mAh g-1 on mass loading electrode of 3.06 mg cm-1. 

To the best of our knowledge, the Cu-BHT MOFs is one of the best MOP-based cathode that 

conveys such a promising rate performance, cycling stability, and anti-self-discharge feature 

for LIBs. By addressing the issues of current LIBs cathode materials, including high cost, 

depleting mineral resources and potential fire risk, and delivering such exceptional 

performance, the Cu-BHT MOFs could be an efficient and resilient cathode material for next-

generation high rate LIBs (Chapter 4). 
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To further increase the size of OEMs, the polymerization reactions was introduced. 2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO), a small molecular radical-based OEM, was chosen as 

the precursor due to its outstanding stability that stems from its unique structure, i.e., radical 

centers. In this work, PTAm radical polymers are synthesized from the TEMPO as a cathode 

material to reversibly store PF6
- ions in a potassium dual-ion battery (KDIB). These nitroxyl 

radicals are the redox-active groups on the as-prepared PTAm polymers, allowing fast reaction 

kinetics with the PF6
- anions. More interestingly, using morphological engineering, the as-

prepared polymer is evenly coated onto external and internal walls of carbon nanotubes 

(CNTs), leading to the nanostructrued PTAm@CNTs composite with significantly boosted 

surface areas and electronic conductivity compared with the bulk PTAm polymers. As a result 

of the much-enhanced mass transport of the anions and current collection efficiency at the 

PTAm@CNTs cathode, the as-prepared KDIB delivered a remarkable specific capacity of 108 

mAh g-1 at 2 A g-1, which is near to its theoretical value of 119 mAh g-1, with excellent rate 

capability and robust cycling stability. The strategy of the nanostrucutred PTAm@CNTs could 

open up a new avenue in designing polymer OEMs and creating nanostructured OEM 

composites with OEMs and conductive nanostructured materials (Chapter 5). 

Functional OAs could address the critical problems on the electrode of electrochemical energy 

storage devices, such as MIBs. In this thesis, I designed and applied a very low concentration 

(0.1 mg ml-1) of cyclohexanedodecol (CHD), a polyhydric alcohol, in a diluted ZnSO4 aqueous 

electrolyte solution (2 M) for an aqueous Zn ion battery (AZIB). CHD could serve two 

functions. Firstly, in the aqueous electrolyte, CHD reacts with the hydrated Zn(H2O)6
2+

 

structure and forms new complex hydrated ions, mainly [Zn(H2O)5(CHD)]2+
, to facilitate the 

rapid desolvation in the course of the electrochemical Zn plating. Secondly, at the surface of 
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the Zn anode, CHD could be readily adsorbed onto the Zn anode and build protection and a 

supporting layer, which not only helps facilitate the even and efficient adsorption of 

[Zn(H2O)5(CHD)]2+
 and the electrochemical plating process, but also prevents the occurrence 

of the HER reaction and formation of the passivation layer. Experiments and theoretical 

calculations are carried out to verify the proposed working mechanism of CHD. Due to the 

efficient functions of the proposed CHD electrolyte additive, at the fixed capacity of 1mAh cm-

2, reversible Zn plating/stripping could be achieved up to 2200 hours at 2 mA cm-2, 1000 hours 

at 5 mA cm-2, and 650 hours at 10 mA cm-2 (Chapter 6).   

7.2. FUTURE WORK 

The success of molecular engineering and morphological engineering in the design of organic 

materials in this thesis inspires us to continue research along this research direction. In future 

studies, we shall be able to conduct more in-depth investigations using advanced techniques, 

such as operando observation of physicochemical and morphological changes of electrode 

intrinsic properties and electrode surfaces. This will enable us to (i) extend the proposed 

strategies in the design and application of more organic compounds as OEMs and OAs, (ii) 

scale up the testing battery size to confirm the potential of commercialization and their potential 

to achieve high energy density, and (iii) address the safety issues for energy storage devices.  

Although significant progress in addressing the challenges of OEMs has been achieved via 

molecular and morphological engineering, several challenges need to be carefully considered 

to enable practical large-scale application of OEMs in rechargeable battery systems, which can 

be continued as future work in my academic career:  

(1) Future work in designing OEMs 
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Even though molecular and morphological engineering significantly contributes to the 

enhancement of battery performances, the complexity and high cost of these methods will 

erode the merits. Thus, constructing OEMs with facile and low-cost methods is the prerequisite 

for the practical large-scale application of OEMs in rechargeable battery systems. 

The traditional trial-and-error method costs a large amount of operation time and resources in 

the design, synthesis and characterization of the OEMs. Advanced computational chemistry in 

OEM-based cells could simplify the materials synthesis process and predict their 

functionalities in the energy storage devices. In this regard, over nine million organic 

compounds and their corresponding synthesis methods are the firm statistical foundation for 

machine learning in artificial intelligence (AI). AI enables the extraction of OEM design, 

characterization and electrochemical performance from different publications and other 

domains, making the OEMs structure and properties easily accessible. Furthermore, AI can 

automatically research, design, and optimize novel OEMs with the most straightforward 

synthesis steps and the lowest cost. Theoretical OEM models could be built and run through 

computational methods (i.e., density functional theory and molecular dynamics) to predict the 

physical properties and battery behaviours. It could be envisaged that the broad utilization of 

computational chemistry can accelerate the promotion of a new generation of OEMs for energy 

storage. 

(2) Future work in the possible commercialization of OEMs  

To promote the findings and achievements from this project, the fabrication of pouch cells shall 

be carried out in the future. To achieve practical application in MIBs, OEMs should have high 

loading, which is hampered by their low electronic conductivity. The addition of functional 

inorganic substrates (such as carbon nanotubes, graphene, and carbon nitrides) via bottom-up 
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or top-down methods could improve the electronic conductivity of the resultant OEMs and 

boost the energy density of batteries.  

In the thesis, due to the limited time and availability of a large amount of electrode materials 

and equipments, most of the electrochemical performances were evaluated in coin-cell 

configurations under ideal experimental conditions. It is widely accepted that there is a 

significant gap between the electrochemical performance in lab-scale experiments and the 

actual performances at the commercial product level.  

(3) Future work of organic additives for aqueous electrolyte based MIBs 

The most impressive finding of the AZIB in this thesis is the design and preparation of 

functional electrolytes with a very low concentration of organic additive CHD (typically 0.1 g 

L-1). With the addition of this OA, the stubborn issues of AZIBs, such as dendrite growth, 

corrosion, and uncontrolled passivation process, can be suppressed which is evidenced by the 

outstanding electrochemical performance and cycling stability. The success of this work 

inspires me to apply this promising interfacial engineering technology to a series of large-scale 

AZIBs for commercialization and to explore more OAs for the preparation of low-cost and 

highly safe aqueous electrolytes and drive the development of aqueous electrolyte-based MIBs. 




